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The steady increase in prevalence of cardiovascular diseases (CVDs) globally, necessitates 

the urgent identification of novel druggable targets to reduce the development and progression of 

CVD. The inotropic agents, the ceramides and apelins, represent two potential druggable targets 

that influence cardiovascular function. In this dissertation, we examined the impact of silencing 

the ceramide synthases (CERS) responsible for the production of the putative protective very 

long-chain (VLC) ceramides 22:0 and 24:0 (CERS2) and detrimental long-chain (LC) 16:0 

ceramide (CERS5/6) on cardiomyocyte health and induced hypertrophy. In this work, we 

demonstrate that the VLC and LC ceramides play contrasting roles in cardiomyocyte health. The 



 

  

silencing of CERS2 in healthy cardiomyocytes leads to pathway changes indicative of a decline 

in cardiomyocyte health, while CERS2 knockdown (KD) in cardiomyocytes subjected to 

hypertrophic conditions displayed an exacerbated response. Interestingly, transcriptional changes 

in healthy cardiomyocytes with silenced CERS5/6 resulted in pathway changes suggesting 

improved cardiomyocyte health, while the hypertrophic response in cardiomyocytes with 

CERS5/6 KD appeared tempered compared to controls. These findings suggest that VLC 

ceramides may be protective against CVD progression, while LC ceramides may contribute to 

the progression of CVD. Additionally, we probed how the different components of the 

apelinergic system (AS) affect both healthy cardiomyocytes and cellular hypertrophy 

progression. Here we show that both the apelin receptor (APJ) and apelin are necessary to elicit a 

protective response against cardiac hypertrophy, as well as identify many hypertrophic response 

changes due to the addition of the various AS components. To conclude this project, we present 

the development of a potential technique to enable the high-throughput screening of compounds 

against GPCR targets, such as APJ. We discuss the utilization of virus-like particles (VLPs) 

overexpressing APJ and demonstrate the ability to enrich the binding of positive control apelin, 

in both simple and complex mixtures containing a mock screening library with over 2500 

peptides. The work in this thesis provides mechanistic insight into the impact the ceramides and 

apelins have on the progression of hypertrophy and proposes a unique technique that can be 

utilized to more efficiently generate future therapeutics targeting APJ and other GPCRs.
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Chapter 1:    Introduction 

1.1 Dissertation purpose 

The primary objective of this thesis is to determine the effects of two groups of unique 

inotropic agents on the development of cardiac hypertrophy. The first inotropic group consists of 

the ceramides, a diverse lipid class whose members are proposed to be associated with the risk of 

incident heart failure. The second inotropic agents are the apelins, a group of signaling peptides 

that bind to and activate a G protein-coupled receptor known as APJ in the heart and have 

protective properties on overall cardiac health. Both the ceramides and apelins are known to play 

crucial functions in various organs including the heart. We will determine the importance of 

these two distinct inotropic agents in maintaining the homeostasis of healthy ventricular 

cardiomyocytes and cardiomyocytes subjected to conditions that induce hypertrophy. The long-

term purpose of this dissertation is to identify novel druggable targets related to the ceramides or 

apelins that would prevent or treat cardiac hypertrophy. To begin to tackle this issue with respect 

to targeting the apelinergic system, we also present a universal approach that is suitable for 

screening compounds to identify APJ binders, or other G protein-coupled receptor (GPCR) 

binders in the future. 

1.2 The impact of cardiovascular disease on global health and current biomarkers 

Between 2016 – 2019, cardiovascular diseases (CVDs) accounted for roughly one-third 

of all deaths worldwide, making CVD the leading cause of global morbidity and mortality (1). 

The proportion of deaths and disabilities due to CVD has been steadily rising across the globe 

over the past 30 years (1,2) driving a growing urgency to discover and study novel therapeutic 

targets to combat the rise of CVD and its devastating effect on the quality of life. 
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Clinical outcomes in patients with CVD witnessed significant improvement with the 

discovery and development of aspirin, statins, b-blockers, ACE (angiotensin-converting enzyme) 

inhibitors, and ARBs (angiotensin receptor blockers) (3,4) and highlighted the importance of 

medical intervention during the development of CVD. Preventive strategies to help minimize 

risk factors such as hypertension and high cholesterol have been met with major health benefits. 

Currently, LDL (low density lipoprotein) cholesterol and blood pressure are qualified by the FDA 

to serve as two of the primary biomarkers for chronic CVD risk, yet these biomarkers are less 

than ideal as they may have paradoxical effects differing between the time period before and 

after the onset of CVD (5,6). Additionally, an ideal biomarker is one that falls along the causal 

path to most correctly reflect disease outcome (6). With this in mind, LDL cholesterol falls into 

the category of an associated biomarker, indicating that although treatment to lower LDL 

cholesterol levels may lead to a lower CVD risk it is not always representative of overall survival 

or quality of life (6). Presently, the natriuretic peptides are the gold standard biomarkers for heart 

failure (HF), with B-type natriuretic peptide (BNP) representing the most clinically recognized 

biomarker. BNP levels have been correlated with other measures of cardiac status and HF disease 

severity and are a strong predictor of risk of adverse cardiac events and death (7). However, the 

shortcoming of measuring BNP levels is that it rises as the heart becomes stressed, so while BNP 

level is a suitable indicator of heart disease, it fails to predict the onset of HF. Hence, efforts to 

identify a clinically relevant biomarker capable of detecting increased risk of CVD before the 

onset of disease symptoms is timely and necessary, as is elucidating the mechanisms leading to 

CVD predicted by these potential biomarkers. 

While many different agents have been identified as potential biomarkers for CVD 

progression, there are two that hold immense promise, the ceramides and apelins. Both of these 
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agents are endogenously expressed, and it is proposed that their plasma levels may correlate with 

CVD disease progression (8–10). Both ceramides and apelins are signaling inotropic agents. 

Inotropic agents, such as digoxin and dobutamine, alter the heart’s contractility, while 

chronotropic agents, like atropine and b-blockers, affect heart rate. The ceramides are a class of 

signaling lipids, while the apelins are a class of signaling peptides. These two targets represent 

potential druggable and modifiable systems that may be able to report both on the increased risk 

of incident CVD prior to the onset of disease and to provide avenues for future novel therapeutic 

design. 

1.3 Ceramides: Introduction 

1.3.1 Ceramide structure and physiological function 

Ceramides fall within the lipid class known as sphingolipids. Sphingolipids are a group of 

structurally diverse lipids that share a sphingoid base backbone which is N-acylated to fatty acids 

of various chain lengths (Figure 1.1). Within this lipid class, there are three distinct structural 

subclasses – sphingoid bases and derivatives, ceramides, and complex sphingolipids – of which, 

ceramides represent the central essential precursor of complex sphingolipids (11). Sphingolipids 

are amphipathic and as such control many vital cellular functions. Structurally, sphingolipids are 

crucial components of the plasma membrane, and also contribute to more complex biological 

roles as bioactive signaling molecules that regulate intercellular interactions, cell proliferation, 

migration, and cell death, to name a few (12,13). These bioactive molecules are central mediators 

in several highly complex and interconnected pathways integral to cell function although the 

exact mechanisms by which they maintain cellular homeostasis are not completely elucidated. 

Since sphingolipids play a pivotal role in homeostasis, any disruption or dysregulation in 

sphingolipid utilization and metabolism may result in detrimental pathophysiological conditions 
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(14). As ceramides are crucial intermediates in the biosynthesis of complex sphingolipids such as 

sphingomyelin (SM) and glycosphingolipids, understanding the role ceramides play in 

homeostasis is important. Notably, ceramides have previously been studied and identified as 

major regulators in cell death, primarily by arresting the cell cycle thus inhibiting growth, and 

causing apoptosis (15). Furthermore, many studies suggest a correlation between ceramides and 

mitochondrial membrane permeabilization, wherein elevated cellular ceramide levels lead to the 

release of caspases into the cytosol to activate apoptotic pathways (16,17). In general, ceramides 

are present at low levels within membranes due to their exceptional hydrophobicity, but under 

conditions of stress, ceramide accumulation in the membrane is postulated to impair membrane 

dynamics (13,18). As a result, ceramide concentrations in the cell are tightly regulated (14). 

Within the sphingolipid metabolic scheme, there are three major pathways that lead to the 

synthesis of ceramides – the de novo pathway, sphingomyelinase pathway, and salvage pathway 

(Figure 1.2) (19,20). Importantly, ceramides generated by any of these pathways are thought to 

be both spatially and functionally distinct from each other (20). Hydrolysis of SM by 

sphingomyelinases in the cell membrane may contribute to circulating ceramide and SM levels 

(21,22). Additionally, circulating sphingolipids are carried by lipoprotein particles and 

circulating concentrations of sphingolipids may represent a systemic metabolic signature that 

reflects overall homeostasis (23,24). Today, LDL cholesterol levels represent one of the best 

predictors for CVD risk, but there is evidence to suggest that plasma ceramides may be more 

accurate predictors than LDL cholesterol (10,25,26). The Mayo Clinic Laboratories have begun 

quantifying plasma ceramides to estimate the risk for adverse cardiovascular events. Four 

different ceramides are measured, ceramides 16:0, 18:0, 24:0, and 24:1, with ceramides 24:0 

serving as a normalization factor to account for intra-individual ceramide concentration 
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variability (27). Although there is an extensive body of literature to support the role of 

cholesterol in HF, substantial experimental work is needed to understand the role of ceramides in 

HF disease progression. 

1.3.2 Ceramides with variable fatty acid chains have specific functions and are 

synthesized by different enzymes 

There is experimental evidence to suggest that ceramide species with specific saturated 

fatty acids have distinct biological activities (28). Although we have referred to ceramides thus 

far as a group, it is important to note that there are over 50 distinct molecular ceramide species, 

distinguished by their unique acyl chain length, the number and location of hydroxyl groups, and 

desaturations (13). Additionally, there are at least 26 different enzymes in which ceramides serve 

as either a substrate or a product, that regulate ceramide levels as well as alter their 

concentrations and metabolites throughout the cell or body in response to stimuli (13). Ceramide 

synthases (CerS) are a group of enzymes that reside in the endoplasmic reticulum and are 

important gatekeepers of ceramide levels. There are six mammalian ceramide synthases (CerS1-

6), with each CerS displaying substrate preferences for specific fatty acid chain lengths, resulting 

in different acyl length ceramides (Figure 1.3B) (29–34). In terms of genetic variants of the 

different ceramide synthases UniProt provides 441, 355, 452, 549, 336, and 377 variants for 

CERS1, CERS2, CERS3, CERS4, CERS5, and CERS6, respectively (35). Interestingly, none of 

these variants have been identified as being benign and a few have been directly connected to 

sphingolipid dysregulation in different disease states such as epilepsy and ichthyosis (35). Two 

variants of CERS3 and two variants of CERS6 have been clinically correlated with elevated 

plasma ceramides and dihydroceramides in individuals with metabolic syndrome (36), 

suggesting that alterations in the different CerS can have negative impacts on health. 
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In general, long-chain (LC) ceramides 16:0 and 18:0 are thought to drive metabolic 

dysfunction and high levels have been associated with the development or progression of 

different disease states including diabetes, heart failure, and Alzheimer’s disease, while very 

long-chain (VLC) ceramides including 22:0 and 24:0 have been suggested to be either beneficial 

or benign (20,34,37–39) depending on cell state. A global Cers5 knockout mouse demonstrated 

decreased tissue 16:0 ceramide levels and resulted in reduced insulin insensitivity and glucose 

intolerance when challenged with a high-fat diet (40). Similarly, knocking out Cers6 (also 

responsible for the production of 16:0 ceramide) was protective against glucose intolerance in 

mice fed a high-fat diet (41). Additionally, Lee et al. reported lower concentrations of 20:0, 24:0, 

and 24:1 ceramides and increased levels of apoptosis in mice with a cardiomyocyte specific Sptl2 

(rate-limiting step in de novo ceramide synthesis) knockout (42). Thus far there has been little in 

vitro and in vivo work completed to aid in better understanding the physiological roles the 

specific ceramide species play in heart failure or cardiac hypertrophy. 

1.3.3 Therapies targeting sphingolipid metabolism 

In the century between the discovery of sphingolipids in 1874 and the finding that 

sphingosine contributes to biological activities in 1986, it was thought that sphingolipids were 

only structural components of cellular membranes (43–45). Since then, targeting sphingolipid 

metabolism for novel therapies has been a growing research area, especially in terms of 

anticancer therapeutics. Currently, there are many available pharmacological inhibitors targeting 

different sphingolipids enzymes that allow for increased characterization of the role specific 

sphingolipids plays in disease (46). For this dissertation, we will be focusing solely on inhibitors 

that play a direct role in ceramide homeostasis. Fumonisins B1, B2, and B3 are known 

mycotoxins that potently inhibit all six of the mammalian CerS enzymes (46,47). Fumonisin 
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exposure has a negative impact on many different biological processes including mitochondrial 

function, controlled cell growth, and altered immune function, suggesting that the inhibition of 

all CerS enzymes is detrimental to cell health (47). The identification and discovery of P053, the 

first isoform-specific CerS inhibitor, lead to a study that helped define the endogenous role for 

CerS1, as a regulator of adiposity and inhibitor of mitochondrial fatty acid oxidation (48). 

Outside of compounds that directly interact with the CerS enzymes, there are many inhibitors 

that target sphingomyelinases and ceramidases, that inhibit the cleavage of SM to ceramide, and 

the degradation of ceramide, respectively (43,46). 

To date, it appears sphingolipid metabolism has primarily been targeted as a therapeutic 

strategy in cancer treatment. Many studies have shown that ceramides induce cancer cell death, 

but due to their intrinsic toxicities and poor pharmacokinetic properties, treatment with 

ceramides alone does not serve as a viable chemotherapeutic option (46,49). In terms of CVD, 

targeting sphingolipid metabolism has immense therapeutic potential, but this approach has yet 

to identify any compound that mediates its effects through direct interactions with the CerS 

enzymes. Intriguingly, there have been many studies completed on quantifying sphingolipids in 

human plasma to investigate if specific sphingolipids correlate with risk of adverse cardiac 

events (10,50–53), but there is a significant gap in knowledge when it comes to a mechanistic 

understanding of the role these identified sphingolipids play in the development and progression 

of CVD. One of the goals of this dissertation project is to explore the role CerS enzymes play in 

vitro in order to identify the contributions of the different ceramide species in the development of 

human cardiac hypertrophy. This novel work will help researchers better understand the potential 

impact of targeting specific CerS with future CVD therapies. 
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1.4 The Apelinergic System: Introduction 

1.4.1 Components, synthesis, and physiological function 

The apelinergic system (AS) is a multifaceted signaling system that regulates many 

essential physiological processes throughout the body, especially in the cardiovascular system. 

The AS influences almost all crucial bodily functions, ranging from fluid homeostasis to 

angiogenesis, energy metabolism, inflammation, and pain management (54–58). The AS is 

linked to a number of pathological conditions such as heart failure, diabetes, and obesity, and has 

been probed as a potential druggable target for these conditions (54,55,57). In terms of heart 

failure, rat models with left ventricular hypertrophy and secondary HF showed downregulated 

expression of the AS (59). In a second study researchers identified markedly reduced apelin 

mRNA and protein expression in dogs with advanced chronic HF, as well as showed that 

exogenous addition of apelin significantly improved left ventricular systolic function (60). 

Depending on the CVD type, there is contradictory evidence in the literature as to whether 

expression of the AS increases or decreases, and this could be due to the complexities involved 

in AS regulation and activation. Although there is increasing interest in understanding the 

physiology of the AS due to its potential druggability, research in this area is difficult and 

complex due to challenges in expressing a functional receptor and the intricacies of the activation 

of multiple different signaling cascades by the endogenous ligands in several organs and in 

different disease states (56,57,61). With the growing evidence that the AS is a critical mediator of 

cardiovascular homeostasis, we believe that comprehensive mechanistic work will be crucial to 

help understand the druggability profile of the AS. 

The AS is composed of three unique entities: a single G protein-coupled receptor, APJ, 

and two peptide ligands, apelin and elabela, each existing in multiple bioactive isoforms 
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throughout the body (Figure 1.4) (56,62). Apelin is a vasoactive peptide that lowers arterial 

blood pressure, improves cardiac output, and has been shown to be one of the most potent 

endogenous positive inotropic agents (63–65). Elabela on the other hand, is essential for heart 

development. Apela (gene name for elabela) knockout in zebrafish proved lethal, due to either 

rudimentary or absent heart formation (66). With the exception of the kidney, it has been shown 

that Apela expression is maximally detected in the early embryonic phase, but through the 

different developmental phases, Apela expression decreases (66–69), for this reason, we will be 

focusing mainly on apelin and APJ for the remainder of this dissertation. 

Both APJ and apelin are widely expressed in many tissues including the heart, 

endothelium, vascular smooth muscle cells, and adipose (70). The apelin gene, APLN, located on 

the X-chromosome, encodes a preproprotein with 77 amino acids that contains very low levels of 

activity as well as low levels of genetic variability (56). It is unclear whether dimerization of 

apelin is a prerequisite step for proper processing, as is the case with other preproproteins like 

somatostatin-II (71), but due to the finding that only the dimeric form of preproapelin was 

observed in mice in vivo there is reason to believe this is the case (72). It is thought that the 77 

residue preproapelin is comprised of a 22-residue secretory signal peptide on the N-terminus, and 

a C-terminal domain containing a 55 amino acid proprotein (73). Processing of the apelin 

isoforms is complex, but it is thought apelin isoform synthesis is dependent on the active 

proteases in the environment, leading to tissue and organ specific apelin isoforms (56). Notably, 

all apelin isoforms are active, but the shorter isoforms such as apelin-36, -17, and -13, which 

contain the respective number of amino acids, are thought to be more active (74). Apelin-13 can 

undergo post translational modification to pyroglutamyl-apelin-13 (pyr-AP-13), and this apelin 

isoform may represent the predominant form in both the heart and plasma (75,76). Hydrolysis of 
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the C-terminal phenylalanine of all apelin isoforms by ACE2 (angiotensin-converting enzyme 2) 

serves as the apelin deactivation pathway and is perhaps the main contributor to the short half-

lives (5-8 min) observed for all apelin peptides in circulation (76,77). Computational modeling 

predicted that this phenylalanine may provide a key apelin-APJ pi-stacking interaction, and 

mutagenesis studies have shown that alterations in this interaction could alter downstream 

signaling (76). 

Additionally, it is well known that the AS antagonizes the renin-angiotensin-system 

(RAS), which is the key regulator of blood pressure and overactivity of the RAS is a trigger for 

cardiovascular dysfunction (78). Angiotensin II signaling can lead to cardiac injury through 

increased oxidative stress and fibrosis, and decreased heart contractility, while it is thought that 

APJ signaling counters all of these physiological responses following APJ activation with apelin 

(79). There are two key enzymes in RAS activation; ACE converts the inactive angiotensin I to 

the active angiotensin II, and serves as a positive regulator of the RAS, while ACE2 serves as a 

negative regulator of the RAS by catalyzing the hydrolysis of angiotensin II. Elabela can inhibit 

ACE (80), while apelin can induce ACE2 (79), both of which result in protection against 

angiotensin signaling (Figure 1.5). Finally, APJ and AT1 (angiotensin II type-1 receptor) can 

form an apelin-dependent heterodimer, promoting negative allosteric regulation of AT1 function 

(81). Taken together, in general the AS counters the RAS. 

Several rodent models have presented promising data suggesting that apelin can alleviate 

cardiac hypertrophy, fibrosis, pulmonary arterial hypertension, heart failure, and myocardial 

infarctions (61,79). Multiple studies have shown that plasma apelin levels appear to increase in 

early stages of heart failure, but as the disease progresses in severity, apelin levels decrease 

compared to those in healthy patients, suggesting that apelin may serve as a biomarker for CVD 
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progression (8,9,82,83). Intravenous administration of pyr-AP-13 increases cardiac output, 

reduces blood pressure, and reduces peripheral vascular resistance in both healthy individuals 

and patients with HF (65). In the same study, all but one patient with HF was on either ACE 

inhibitors or angiotensin blockers suggesting that apelin also plays a role independent of RAS 

signaling (65). This discovery increases the potential promise of a drug targeting the AS, as this 

opens an avenue for pharmacological synergism through APJ agonism and inhibition of the RAS. 

1.4.2 APJ activation and signaling 

Before diving into the specifics of APJ signaling, it is important to address some 

important generalizations in GPCR signaling. GPCRs are the largest superfamily of membrane 

bound proteins (84). They have historically been highly successful drug targets due to the fact 

that they span a large range of physiological functions and lie on the cellular surface, eliminating 

the issue of drug delivery inside the cell (84). With respect to the G protein, GPCRs are 

composed of three distinct subunits (a, b, and g), and a GPCR is functionally classified 

depending on its associated Ga subunit. There are four families and each family leads to the 

activation of different signaling cascades (85). To make matters more complex, there are multiple 

subtypes of Ga subunits within each family that can also modulate signaling responses (Figure 

1.6) (85,86). Additionally, it is common that GPCRs are associated with multiple Ga subunit 

families (85,87), meaning that activation with different agonists or with the same agonist under 

different conditions, can elicit very different signaling responses. It is also important to note that 

as GPCRs are activated, the Ga subunit releases guanosine diphosphate (GDP) and binds 

guanosine triphosphate (GTP), then dissociates from the membrane-bound Gbg dimer. This 

enables signaling to various cellular pathways with these two separate functional units – Ga and 

Gbg (85,88). 
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In addition to G protein signaling, ligands can also elicit a β-arrestin response. While 

each GPCR is unique and not all follow this rule, in general G protein activation leads to 

physiological responses, while β-arrestin activation leads to desensitization and receptor 

internalization (89). GPCR internalization typically has a negative connotation, but it is a critical 

regulatory component that has been shown to have a strong connection to prolonged signaling 

(90), and therefore plays a very important role that is often under appreciated. In terms of drug 

development, ligands can be biased to activate G protein or β-arrestin signaling (91). Agonists 

acting on a GPCR can be engineered to stabilize different conformational states and function as 

biased ligands to elicit the desired downstream signaling while minimizing unwanted side effects 

(92). The explanation of all of this serves to make one very important point: agonists can act on 

the same GPCR, but elicit very different signaling responses (54,56), and understanding the 

physiology of these responses improves the druggability profile of a GPCR system. 

Signaling through the AS is very complex since APJ has been shown to associate with 

three of the four Ga families: Gai, Gaq, and Ga12/13 (Figure 1.7) (93). This may explain why the 

AS can have different physiological functions within the body. APJ mediated Gai signaling can 

lead to inhibition of adenylyl cyclase (AC), which is responsible for the production of cAMP 

(cyclic adenosine monophosphate) and activation of protein kinase A (PKA). cAMP is an 

important intracellular second messenger in GPCR signaling and is one of the most common 

assay choices for studying GPCR functionality, though it is not without flaws (94). Through Gai 

and Gaq signaling, activation of protein kinase B (AKT), protein kinase C (PKC), and mitogen-

activated protein kinase (MAPK) have been detected (93). Additionally, Ga12/13 signaling results 

in the activation of MEF2 (myocyte enhancer factor 2) transcription factors which play an 

imperative role in cardiomyocyte development and differentiation (95,96). While these are the G 
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protein responses, it is important to also consider that APJ mediated β-arrestin responses can lead 

to receptor internalization and downregulation of the AS (93,97). APJ is prone to agonist-induced 

internalization leading to either recycling of the receptor back to the cell surface or degradation 

by lysosomes, depending on the apelin isoform (97). Taken together, the multiple signaling 

cascades activated after stimulation of APJ leads to complexity in studying this system. It is 

important to be aware of the pharmacological differences between G protein and β-arrestin 

activation, as well as the intricacies of APJ internalization while thinking about the role the AS 

plays on disease states. 

1.4.3 The importance of targeting APJ 

In 2015, Brame et al. designed cyclic peptide MM07 (half-life of 17.4 minutes) to 

specifically activate the G-protein signaling cascade of APJ (92). MM07 showed beneficial 

cardiac effects in multiple rat studies, as well as increased vasodilation when administered into 

human forearms compared to pyr-AP-13 infusions (92,98). Additionally, Amgen developed a 

first-in-class novel APJ agonist, AMG 986, that improved cardiac contractility in animal models 

(99). AMG 986 was deemed tolerable in a phase 1b study but was ultimately suspended from 

future clinical trials due to a lack of efficacy and a need to “better define the clinical utility and 

optimal dosing for this molecule” (99). These examples of APJ agonists recapitulate the potential 

that targeting the AS has on developing a novel CVD drug and puts into perspective the 

importance of uncovering the mechanistic role the AS plays in CVD. 

1.5 Chapter organization 

The introduction chapter provides background information on the importance of the 

ceramides and apelins, the two inotropic agents investigated in this thesis project. It is important 

to note that in this dissertation, we chose to investigate cardiac hypertrophy as a surrogate for 
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heart failure. Cardiac hypertrophy is a disease caused by the thickening of the ventricular walls, 

and the enlargement of cardiomyocytes, a condition which can be replicated using cardiac cells 

in culture. Cardiac hypertrophy typically precedes the development of heart failure, due to the 

increased workload required to retain functionality of the hypertrophic heart (100). In Chapter 3, 

we will introduce our working hypertrophy model and describe in further detail why studying 

cardiac hypertrophy serves as a viable option for understanding the role that the ceramides and 

apelins play in the development of CVD. 

In Chapter 2 we examine the impact of silencing the CERS genes responsible for the 

production of LC (CERS5/6) and VLC (CERS2) ceramides on the cardiomyocytes’ ability to 

maintain homeostasis. Here we explore the effects that knocking down these genes has on the 

levels of ceramides and their downstream, complex sphingolipid metabolites. We further dive 

into the effect these knockdowns have on the overall global cardiomyocyte transcriptome and the 

corresponding pathways affected. In Chapter 3, we use our optimized knockdown system, 

described in Chapter 2, to interrogate the cardiomyocyte’s ability to handle the effects of 

hypertrophy when CERS2 or CERS5/6 are silenced. We begin this chapter by introducing the 

development of a reliable and robust cardiac hypertrophy model and present a thorough and 

complex transcriptomic analysis discussing the impact that knocking down either CERS2 or 

CERS5/6 have on the development of cardiac hypertrophy. 

Chapter 4 tackles the importance of the apelinergic system. We expand on the role of the 

different components of the AS on the development of cardiac hypertrophy. We discuss the 

creation of a SNAP-APJ plasmid accompanied with the validation that this plasmid results in the 

overexpression of a stable and functional APJ in human embryonic kidney 293T (HEK293T) 

cells as well as adult ventricular cardiomyocytes. This is followed by viability and transcriptomic 
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analyses highlighting the importance of the different components of the AS in maintaining 

cardiomyocyte health before and after the induction of hypertrophy. 

Chapter 5 has a slightly different focus where we present the development of a universal 

method by which high-throughput drug screening can be completed using GPCRs, while 

focusing on APJ to begin to tackle the identification of novel therapeutics that target this system. 

Previous methods for GPCR drug screening required labor intensive efforts to optimize 

conditions for each unique GPCR, significantly delaying or altogether halting progress on the 

development of drugs against tricky GPCR targets. We sought to develop a method that can be 

used universally to streamline the process of identifying binders to any GPCR. By utilizing 

virus-like particles expressing our GPCRs of interest, we were able to identify enriched binding 

to APJ with pyr-AP-13 in both simple and complex mixtures of thousands of peptides through 

affinity selection mass spectrometry (ASMS). The purification process and ASMS method 

development will be presented in this chapter. 

In Chapter 6, we provide the final discussion and address next steps for future students, 

concluding this dissertation.  
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Figures 

 

Figure 1.1. General sphingolipid structures. 

Sphingolipid metabolites contain a fatty acid of varying chain length and level of 

saturation that is N-linked to the sphingosine backbone. Additionally, the identifiable 

factor of each sphingolipid depends on which head group is O-linked to this backbone. 

The number with the metabolite name correlates to the metabolic scheme found in 

Figure 1.2.  
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Figure 1.2. Simplified ceramide metabolic scheme. 

There are four main pathways through which sphingolipid metabolites are catabolized 

or anabolized: the de novo pathway, salvage pathway, sphingomyelin pathway, and 

complex glycosphingolipid pathway. Ceramides created through these different 

pathways are generally thought to be spatially and functionally distinct. Structures of 

the metabolites with numbers can be found in Figure 1.1. FA – fatty acid. Created with 

BioRender.com  
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Figure 1.3. Acyl chain length preference of the mammalian CerS enzymes. 

(A) The general components of a sphingolipid with a sphingosine backbone, varying 

fatty acid chain lengths and degrees of saturation acylated to this backbone (R2), and a 

head group (R1) determining the relevant sphingolipid class. (B) The different ceramide 

synthases (CerS) and their preferences in acyl chain length resulting in the generation of 

the corresponding ceramide. CerS2 is selective for the production of very long-chain 

ceramides (22:0 and 24:0) while CerS5 and CerS6 generate long chain ceramide (16:0). 

Created with BioRender.com  
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Figure 1.4. Amino acid sequence of the most studied AS peptide isoforms. 

(A) apelin and (B) elabela. Created with BioRender.com  
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Figure 1.5. Scheme depicting AS antagonism of the renin-angiotensin-system 

(RAS). 

ACE – angiotensin converting enzyme, ROS – reactive oxygen species. Created with 

BioRender.com  
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Figure 1.6. Summary of some of the different GPCR Ga subunits. 

Created with BioRender.com  
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Figure 1.7. Overview of the APJ signaling cascades. 

APJ signaling following activation of (A) G protein subunits and (B) b-arrestin 

activation. Created with BioRender.com  
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Chapter 2:    The Inverse Role of Cellular Long-Chain and Very Long-Chain 

Ceramides on Cardiomyocyte Health 

2.1 Introduction 

Sphingolipids are an important class of signaling lipids that play many significant roles in 

the body, both structurally and functionally. Within the sphingolipid class, ceramides form the 

essential structural backbone of the more complex sphingolipids, thus alterations in ceramide 

levels could dysregulate the entire cellular sphingolipid metabolic pathway (1,2). Specific 

ceramide species are distinguishable by the fatty acid that is acylated to the sphingosine 

backbone, leading to distinct biological activities. Generally, it is thought that LC ceramides 

(16:0 and 18:0) drive metabolic dysfunction resulting in the progression of different disease 

states, while VLC ceramides (22:0 and 24:0) are thought to be either beneficial against disease 

progression or benign (3–7). The importance of ceramides is discussed in detail in Section 1.3. 

In 2019, our collaborators reported that plasma ceramide and SM species with different 

saturated fatty acids differentially associated with risk of incident heart failure in the 

Cardiovascular Health Study, that contained a large cohort of older adults with cardiovascular 

disease (8). They discovered that 16:0 ceramide and SM were associated with an increased risk 

of incident heart failure, while 22:0 ceramide, and 20:0, 22:0, and 24:0 SM were associated with 

a decreased risk of heart failure, independent of other risk factors (8). To determine possible 

mechanisms underlying the associations between ceramide and SM species with incident heart 

failure, we hypothesized that modulating levels of 16:0, 22:0, and 24:0 ceramide in human adult 

cardiomyocytes would modify biological processes related to heart failure. 

In this chapter, we present reproducible and reliable conditions for the targeted silencing 

of the ceramide synthases (CERS2 and CERS5/6) responsible for the production of 16:0, 22:0, 
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and 24:0 ceramide. Since there is overlap in CerS5/6 activity to produce 16:0 ceramide, we 

decided to knockdown both genes simultaneously to achieve the maximal effect on reducing 16:0 

levels. Here, we confirm that knockdown results in LC and VLC cellular ceramide reductions 

and explore how reducing these ceramide species alters overall cardiomyocyte survival. We 

conclude this chapter by analyzing the whole genome transcriptional response to identify specific 

perturbed pathways in adult ventricular cardiomyocytes that could contribute to changes in 

cardiac homeostasis. 

2.1.1 Research Strategy 

The data in this chapter is presented following the logical progression of experiments 

required to validate our CERS knockdown (KD) models before evaluating how these model 

systems alter the cardiomyocyte’s ability to maintain homeostasis. Initially we discuss the 

validation of our selected cell line and findings that led us to adopt this specific experimental 

approach. We then present on the optimization process for knocking down CERS2 and CERS5/6 

as well as the verification that these KDs result in reductions of the expected ceramide species. 

Preceding these sections, we address our transcriptomic analyses and describe our findings on 

how silencing either CERS2 or CERS5/6 affects crucial cardiomyocyte functions. We conclude 

this chapter by comparing the observed responses following CERS2 and CERS5/6 KD. The 

completion of this work provides a more extensive mechanistic understanding of the role that LC 

and VLC ceramides play in maintaining cardiomyocyte homeostasis. 
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2.2 Materials and Methods 

2.2.1 Materials 

Immortalized human ventricular cardiomyocytes and all their applicable materials 

including PriGrow I media, penicillin/strep, and extracellular matrix were purchased through 

Applied Biological Materials (Bellingham, WA). CERS2 siRNA duplex (#SR323951) was 

purchased from Origene (Rockville, MD) and the universal scrambled negative control siRNA 

duplex that came with this product was used as the control. Silencer siRNA for CERS5 

(#AM16708, siRNA ID #131807), CERS6 (#AM16708, siRNA ID #149485), and the control 

used for this experimental group, Silencer Negative Control #5 siRNA (#AM4642) were 

purchased from Invitrogen (Waltham, MA). A small volume protein assay was obtained from 

Bio-Rad Laboratories (Hercules, CA). Tissue culture treated plates, Lipofectamine 3000 

Reagent, dimethyl sulfoxide (DMSO), Opti-MEM media, phosphate buffered saline (PBS), cell 

scrapers, PrestoBlue Viability Reagent, RNA isolation kits, and High-Capacity RNA-to-cDNA 

kits were all obtained from Thermo Fisher Scientific (Waltham, MA). Additionally, all RT-qPCR 

materials were purchased from Thermo Fisher Scientific’s TaqMan Line: TaqMan Fast Advanced 

Master Mix for qPCR and TaqMan human primers: GUSB (Assay ID: Hs00939627_m1), 

CERS2 (Assay ID: Hs00371958_g1), CERS5 (Assay ID: Hs00908759_m1), and CERS6 (Assay 

ID: Hs00826756_m1). Methyl tert-butyl ether, methanol, isopropanol, and LC-MS/MS grade 

water were from Fisher Scientific. A stable isotope-labeled internal standard mixture containing 

10 sphingolipids (#LM6002) was purchased from Avanti Polar Lipids (Alabaster, AL). 

2.2.2 Cell culture 

Immortalized human ventricular cardiomyocytes (HCMs) (#T0519) were maintained 

with PriGrow I medium (#TM001) supplemented with 10% fetal bovine serum (FBS) and 0.1% 
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Penicillin/Streptomycin Solution (#G255). Cells were cultured in a humidified incubator at 37ºC 

with 5% CO2. All plates were coated with Extracellular Matrix (#G422) according to the 

manufacturer’s protocol. 

2.2.3 Silencing CERS2 and CERS5/6 

Gene silencing was achieved using a reverse transfection protocol in 6-well plate. Cells 

(3.5 × 105) were plated with 10 nM of each respective siRNA and 5.9	µL Lipofectamine 3000 

(#L3000001) per well. The lipofectamine and siRNA were mixed with Opti-MEM media 

(#31985070) and allowed to sit at room temperature for 20 min before addition to the cells. The 

transfection mixture was combined with cells suspended in complete media and a total volume of 

2.5 mL was added to each well, with the transfection mixture accounting for 10% of the total 

volume. After 24h cells either underwent a media change (for mass spectrometry analysis) or a 

48h vehicle treatment was initiated in serum-free media (maximum 0.025% DMSO). 

2.2.4 Sphingolipid quantification by high-performance liquid chromatography - 

tandem mass spectrometry (HPLC-MS/MS) 

Following transfection for 48h, cells were washed twice with 600 µL ice cold PBS 

(#10010031), harvested by scraping in ice cold PBS, and pelleted by centrifugation at 300 x g for 

5 min. The supernatant was then aspirated and the cell pellets were stored at -80ºC until further 

analysis. Each experiment was performed in triplicate (n=3). 

To increase rigor, experiments were repeated three months later (n=6 for each 

experimental condition). Once cell pellet collection was complete, the samples were thawed on 

ice and resuspended in PBS. The cells were then lysed by placing them in an iced sonication bath 

for 30 min. Protein concentration was measured by small volume protein assay (Bio-Rad 
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Laboratories, #500012; Hercules, CA) and each sample was normalized to 1 mg/mL. 

Sphingolipids in each cell lysate were quantified using solvent extraction with a methyl tert-butyl 

ether (MTBE), methanol, isopropanol mixture and liquid chromatography-tandem mass 

spectrometry, as previously described in detail (9). Statistical significance was determined 

through multiple unpaired t-tests. 

2.2.5 Total RNA isolation and RT-qPCR 

Following the 24h siRNA incubation and the completion of the 48h vehicle treatment, 

cells were rinsed once with ice cold PBS and lysed with TRI Reagent. The cells then underwent 

total RNA isolation utilizing the MagMax-96 for Microarrays Total RNA Isolation Kit 

(#AM1839) following the spin procedure. After RNA isolation, RNA was converted to cDNA by 

reverse transcriptase using the High-Capacity RNA-to-cDNA kit (#4387406). RT-qPCR was then 

conducted utilizing the Taqman Gene Expression Assay reagents (Thermo Fisher Scientific, 

FAM dye). Gene expression was normalized to the housekeeping gene, GUSB, and data was 

analyzed following the comparative delta-Ct method. Unpaired two-tailed t-tests were used to 

determine statistical significance between samples. 

2.2.6 Cell viability 

Cell viability was tested in HCMs that underwent a scaled-down transfection with respect 

to surface area, in a 24-well plate. Every 24h, for a total of 72h post transfection, wells 

underwent a fresh serum-free media exchange with the vehicle control (maximum 0.025% 

DMSO). At the 72h mark, HCM viability was measure utilizing the PrestoBlue HS Cell Viability 

Reagent (#P50201) according to the manufacturer’s protocol. HCMs were incubated in the 

presence of the resazurin-based presto blue reagent for 2h prior to reading the absorbance using 

the Tecan Spark V3.0. Statistical significance was determined using unpaired two-tailed t-tests. 
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2.2.7 Library preparation and mRNA-sequencing 

After total RNA isolation, samples were sent to Novogene Corporation Inc. (Sacramento, 

CA) for mRNA-sequencing. Samples were first subjected to a quality control check and library 

preparation, where samples underwent a polyA capture to enrich mRNA and remove rRNA, then 

the mRNA was converted into cDNA. The libraries then underwent a second quality control 

before sequencing with Illumina PE150 technology. Sequencing data was checked for quality a 

final time before undergoing bioinformatic analysis. The sequence of each sample was aligned to 

the human reference genome GRCh38 and all samples were confirmed to map to over 90% of 

the reference genome. One of the scramble controls for the CERS2 KD did not meet this 

criterion, hence was excluded from further analysis. 

2.2.8 Bioinformatics and pathway analysis 

2.2.8.A Gene expression analysis 

Once the sequence was mapped to the reference genome, the raw counts were refined by 

removing any genes that did not have a maximum value of at least 10 between samples. The 

differentially expressed genes were then identified between the various treatment groups and 

controls using DESeq2 analysis in R and given a rank order based on DESeq2’s test statistic 

(10). 

2.2.8.B Gene set enrichment analysis (GSEA) 

To identify biological pathways altered by each CERS KD condition, we applied a GSEA 

(11,12) using two Molecular Signature Database categories: hallmark and canonical pathways 

(13,14). The preranked DESeq2 files were uploaded and a false discovery rate (FDR) < 0.05 

threshold was implemented to analyze significant gene set enrichment following CERS KD. 
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Additionally, the list of genes compiled within the gene set entitled ‘GOBP sphingolipid 

metabolic process’ was utilized for sphingolipid differentially expressed gene (DEG) 

investigation. These genes were separated into 6 different groups based on their role within 

sphingolipid metabolism: fatty acid (FA) elongation cycle, de novo pathway, salvage pathway, 

sphingomyelin pathway, complex sphingolipid pathway, or if the gene did not fit into any of 

these sectors of the metabolic scheme, it was placed into an “other” sphingolipid pathway group. 

Following the completion of the GSEA pathway analyses, enrichment maps were created 

utilizing Cytoscape 3.10.2 with all identified pathways FDR < 0.05 (15) for both CERS2 and 

CERS5/6 KDs. The distinct biological modules that emerged were used to label the volcano plots 

demonstrating pathway changes due to each KD. 

2.3 Results 

2.3.1 Validation of the adult immortalized human ventricular cardiomyocytes 

Initially, studies for this project were completed using three separate cell lines: a pseudo 

primary human ventricular cardiomyocyte cell line purchased from Celprogen (#36044-15; 

Torrance, CA), an immortalized human ventricular cardiomyocyte cell line, called AC-16 cells, 

purchased from ATCC (#CRL-3568; Manassas, VA), and immortalized HCMs purchased from 

Applied Biological Materials (#T0519; Bellingham, WA). In all of the cardiomyocyte cell lines, 

CERS KDs were performed and optimized to achieve > 80% KD efficiency. Sphingolipids were 

also quantified, and the results suggested that all the KDs led to the expected reductions in 

ceramide species. Results between cell lines were comparable, so we leaned on RNA-sequencing 

results to aid in selecting the most biologically relevant model. 

Initial comparisons between Celprogen’s cardiomyocytes, validated by Evangelista et al. 

(16), and AC-16 cells suggested that the Celprogen cells contained more of our expected cardiac 
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markers, leading us to believe the AC-16 cells had more of a cardiac fibroblast phenotype. Our 

main concern with Celprogen’s cells began when attempting to develop a cardiac hypertrophy 

model, as these cells lacked the expression of any reliable hypertrophy marker, and treatment 

with the hypertrophy inducing compounds resulted in severe day-to-day inconsistencies. This 

ultimately led us to search for a new cardiomyocyte cell line. At this point we found the 

immortalized HCMs supplied by Applied Biological Materials that had been previously validated 

by two separate groups (17,18). An RNA-sequencing analysis between these cells and 

Celprogen’s cardiomyocytes suggested that the new cells had a healthier ventricular 

cardiomyocyte phenotype as indicated by a more physiologically relevant expression of cardiac 

markers: GATA4, ACTB, SMAD2, VEGFB, NPPB, CAMK2D, and CLCN3. Additionally, the 

baseline expression of NPPB, allowed us to use this clinical biomarker to indicate hypertrophic 

cells, thus giving us the ability to compare results between sample types prior to sending samples 

for RNA-sequencing. For all these reasons, we deemed the HCMs from Applied Biological 

Materials to be the most biologically relevant cardiomyocyte model to study cardiac hypertrophy 

and all subsequent experiments were completed with this cell line only. 

From the preliminary RNA-sequencing work, we were able to confirm the expression of 

the different CERS in the HCMs (Figure 2.1). Notably, as was the case with the CERS 

expression in all of the cardiomyocyte cell lines we examined, CERS2 expression was the 

highest, followed by CERS5 and CERS6 expression. Since CerS2 is responsible for the 

production of the proposed protective (22:0 and 24:0) ceramides, and CerS5/CerS6 are both 

responsible for the generation of the suggested detrimental (16:0) ceramide, we divided the 

experimental groups up as such combining the knockdown of CerS5/6. Importantly, there are a 

few points that are worth discussing before presenting the results, the first being that it is known 
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that exogenous ceramide addition may redistribute in a non-physiological manner in the cell (19–

21), therefore, we only considered conducting experiments to genetically alter ceramide levels. 

Also of note, preliminary testing with CerS2 and CerS5/6 overexpression yielded no change in 

the cellular ceramide species. For this reason, we will only be presenting the data generated 

following the silencing of the relevant CERS in HCMs. 

2.3.2 Ceramide synthase 2 (CERS2) knockdown 

Silencing CERS2 by 80% leads to significant reductions in the expected VLC ceramide 

levels. Knockdown conditions were optimized to maximize differences observed in the cellular 

response therefore we aimed for an average of ~80% CERS2 KD (Figure 2.2A), which was 

consistent over time. Throughout the effort of optimizing the CERS2 KD, we observed 

significant cell death with 80% KD (Figure 2.2B). Of note, to minimize cell death, conditions 

were optimized to achieve a 40-50% CERS2 KD, which resulted in less cell death, but no 

changes in the VLC ceramide levels upon sphingolipid quantification. For this reason, we 

decided to proceed with the 80% KD despite the high percentage of cell death since we observed 

reductions in the expected ceramide species (Figure 2.3) and were able to isolate sufficient 

mRNA for sequencing. 

A closer look at the different sphingolipid species measured suggests overall reductions 

in 22:0 and 24:0 sphingolipids with CERS2 KD. As expected, we observed significant decreases 

in 22:0 and 24:0 ceramide as well as other sphingolipid species connected with a 22:0 or 24:0 

FA. We also detected increased amounts of 16:0 and 18:0 hexosylceramides in CERS2 KD 

compared to controls. 
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2.3.3 Global transcriptomic changes following CERS2 knockdown 

To assess the global effects of CERS2 KD in HCMs, we began by applying DESeq2 

analysis to the HCM transcriptome across CERS2 KD and scramble controls. We observed clear 

separation between the CERS2 KD and scramble controls using a principal component analysis 

(PCA), indicative of large transcriptome changes in the HCM gene expression profiles due to KD 

(Figure 2.4). By applying a statistical threshold (FDR < 0.01) we identified just over 3,400 

DEGs. Figure 2.5 highlights the important DEGs that fall within the sphingolipid metabolic 

scheme divided up by specific sectors, ranging from the FA elongation cycle to complex 

sphingolipid metabolism. More information on the sphingolipid metabolic scheme can be found 

in Figure 1.2. 

To further elucidate the transcriptional consequences of CERS2 KD in HCMs, we applied 

a GSEA to systematically identify transcriptome perturbations due to CERS2 KD. GSEA is a 

powerful tool used to extract biological insight from gene expression data. This tool is unique 

among others, as it not only focuses on groups of genes that share a common function, but it 

takes into consideration the significance of each gene change within each respective treatment 

(11,12). A comprehensive look at the hallmark and canonical pathways uncovered 420 

upregulated and 328 downregulated pathways (FDR < 0.05). Figure 2.6 depicts a volcano plot 

that is representative of the diverse pathways altered due to CERS2 KD in HCMs. Many of these 

highlighted pathways are important for both proper cardiac function and cellular homeostasis. Of 

note, following CERS2 KD, we observed increases in pathways involved in development and 

remodeling, fibrosis development, and lipid dysregulation. Furthermore, we detected 

downregulations in genes involved in mitochondrial biogenesis, cholesterol biosynthesis, and the 

cell cycle. 
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2.3.4 Ceramide synthase 5 and 6 (CERS5/6) knockdown 

To reduce the concentrations of cellular 16:0 ceramide, a double KD, using CERS5 and 

CERS6 siRNA was optimized, as the two proteins encoded by these genes are responsible for the 

production of 16:0 ceramide and both genes are observed in HCMs. Dual KD of CERS5 and 

CERS6 at ~80% each (Figure 2.7A) leads to a significant reduction in 16:0 ceramide and a 25% 

reduction in cell viability (Figure 2.7B). With this KD, as expected, we observed significant 

decreases in the LC 14:0 and 16:0 ceramides when compared to controls (Figure 2.8). Notably, 

we detected overall reductions in the measured 14:0 and 16:0 sphingolipids, as well as increased 

VLC 24:0 ceramide and SM. 

2.3.5 Global transcriptomic changes following CERS5/6 knockdown 

Similar to CERS2 KD, we began by applying a DESeq2 analysis to the HCM 

transcriptome across the CERS5/6 KD and scramble controls. As with silencing CERS2, we 

observed large changes in the transcriptome indicated by the clear separation of sample groups in 

a PCA plot (Figure 2.9). Application of an FDR < 0.01 led to identification of about 3,700 

DEGs. Important DEGs in sphingolipid metabolism identified between the CERS5/6 KD and 

scramble control samples are depicted in Figure 2.10, and reference can be made to Figure 1.2 

to visualize this sphingolipid metabolic scheme. 

GSEA pathway analysis uncovered many changes in pathways necessary for cellular 

homeostasis following CERS5/6 KD. A closer look at the transcriptome alterations with GSEA 

revealed 275 upregulated and 212 downregulated pathways (FDR < 0.05). A representative 

volcano plot is depicted in Figure 2.11, showcasing representative labels for many of the 

observed pathway changes. Interestingly, there are increases in the expression of genes and 
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pathways involved in DNA repair, cell cycle, and p53 signaling, while pathways for development 

and remodeling and cardiomyopathy were downregulated with CERS5/6 KD. 

2.3.6 Comparison between different CERS knockdowns 

There is marked overlap in the DEGs and pathways observed between the CERS2 and 

CERS5/6 KDs compared to their respective controls but with inverse directionality. Of the DEGs 

(FDR < 0.01) observed in both the CERS2 and the CERS5/6 KD datasets, 60% were found to be 

inversely related (Figure 2.12A), where the gene was upregulated following CERS2 KD, but 

downregulated with CERS5/6 KD, or vice versa. A similar observation was made when 

comparing the GSEA results from both CERS KDs. Following GSEA analysis, 228 pathways 

were observed as being changed in both the CERS2 and the CERS5/6 KD datasets, 87% of which 

had opposite trends (Figure 2.12B). Taken together, these changes suggest that the different 

ceramide species contribute to cellular functions and homeostasis in an opposing fashion. 

2.4 Discussion 

2.4.1 Summary of results 

In this study, we explored the consequences of altered sphingolipid homeostasis in the 

heart by silencing CERS2 and CERS5/6 in human ventricular cardiomyocytes to reduce cellular 

levels of 22:0 and 24:0 ceramides, and 16:0 ceramide, respectively. The key finding in this study 

is that the knockdown of CERS2 and CERS5/6 inversely modulate critical pathways that 

contribute to heart functionality. This study further supports that LC and VLC sphingolipids 

contribute differently to essential biological functions. We will start this discussion by addressing 

the CERS optimization process and the validation of the reduction in the respective ceramide 
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species. We will then break down the results from the transcriptomic pathway analyses and 

compare the HCM response to both CERS2 and CERS5/6 KD. 

2.4.2 CERS knockdown leads to expected intracellular ceramide reductions 

Initially, we began this study by silencing the specific ceramide synthases responsible for 

producing ceramides with a particular fatty acid chain length, as ceramides are the central 

metabolites in sphingolipid metabolism and, therefore should affect downstream sphingolipid 

species. Since CERS2 is responsible for the production of VLC ceramides, 22:0 and 24:0, and 

CERS5 and CERS6 are both responsible for the generation of 16:0 ceramide, we chose these 

three gene targets to comprise our two different experimental groups. For this study, we chose to 

explore the most biologically relevant cardiomyocytes of the three initially tested in order to 

draw the most physiologically relevant conclusions, and we confirmed the expression of the 

CERS in these cells (Figure 2.1). Conditions were optimized to observe an 80% KD of both 

CERS2 and CERS5/6, but notably, both experimental groups led to a reduction in HCM viability. 

CERS2 KD appeared to be the more toxic genetic manipulation, since the silencing of CERS2 

resulted in a 70% reduction in viability. 

To confirm that 80% KD led to biological changes, we quantified sphingolipid species 

using HPLC-MS/MS following CERS2 and CERS5/6 KD and detected widespread changes with 

both experimental conditions. With the KD of CERS2, as expected, we observed reductions in 

the potentially protective VLC ceramides, 22:0 and 24:0. Since ceramide is the central mediator 

of sphingolipid metabolism, it is not surprising that we observed similar reductions in the VLC 

complex sphingolipids: lactosylceramide (LacCer), hexosylceramide (HexCer), and SM. 

Interestingly, we observed a potential compensatory increase in LC HexCer following CERS2 

KD. In 2011, Mullen et. al provided evidence that the different CerS are tightly interregulated in 



 

 

44 

MCF-7 cells and that CERS2 KD resulted in potential compensatory increases in LC 

sphingolipids to help maintain overall cellular sphingolipid levels (22) providing further support 

of our findings. Overall, with CERS2 KD we observed the most changes in the HexCer species, 

which encompasses both glucosylceramide (GlcCer) and galactosylceramide (GalCer). There is 

experimental evidence suggesting that GlcCer levels in the heart are crucial for maintaining 

HCM membrane lipids, and slight alterations in GlcCer composition can contribute to reduced 

heart function (23). Therefore, it is possible that the drastic cell death is, in part, a consequence 

of altered HexCer concentrations. Of note, we did attempt to alter the KD conditions to get 

roughly 40% KD of CERS2 following RT-qPCR analysis, but there was no observed change in 

any of the ceramide species. Additionally, we attempted to shorten the KD time to 48h, but this 

led to minimal changes in cell viability when compared to the 72h KD. For this reason, we chose 

to continue with the 72h 80% KD for further analysis despite the observed large degree of cell 

death since we can still measure changes in the different sphingolipids and isolate adequate 

quantities of RNA for sequencing. 

A closer look at the sphingolipid changes with CERS5/6 KD detected the expected 

reduction in 16:0 ceramide, as well as reduction in all measured 16:0 sphingolipids: LacCer, 

HexCer, and SM. Interestingly, we also saw a potential compensatory increase in the VLC 

sphingolipids, 24:0 ceramide and SM, while 24:0 LacCer was reduced. Notably, SM 

concentrations were the most extensively altered sphingolipid species measured following 

CERS5/6 KD. These changes in SM species may suggest an alteration in plasma membrane 

composition and fluidity (24–26). 
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2.4.3 Pathway changes within the cardiomyocytes due to CERS knockdown 

Our transcriptomic analysis with the CERS KDs suggests that ceramides play many vital 

biological roles within the HCMs. Following DESeq2 analyses, we observed a significant 

number of DEGs and importantly noted many changes in the sphingolipid metabolic scheme. In 

support of our findings that the VLC and LC ceramides may undergo compensatory 

interregulation, with CERS2 KD, we observe an significance increase in CERS5 expression 

(Figure 2.5), while with CERS5/6 KD, we observed a significant increase in CERS2 expression 

(Figure 2.10). 

The GSEA pathway analyses pointed to many contrasting results with CERS2 KD 

(Figure 2.6) compared to CERS5/6 KD (Figure 2.11). With CERS2 KD, we observed increases 

in HCM extracellular matrix (ECM) organization and lipid metabolism. Furthermore, we 

detected reduced activation of pathways that regulate mitochondrial biogenesis, cholesterol 

metabolism, and the cell cycle. Intriguingly, although these cells have not been treated with any 

external compounds aside from the siRNA, it appears the HCMs with silenced CERS2 are 

developing an unhealthy cardiomyocyte phenotype. ECM organization is indicative of cardiac 

remodeling (27), a hallmark for CVD pathophysiology, and dysregulations in lipid and energy 

metabolism may suggest the HCMs are struggling to meet the same energy requirements as 

healthy cardiac cells (28–31). Taken together, these findings suggest that CERS2 silencing has 

very negative impacts on HCM health. Interestingly, we observed the opposite effect with 

CERS5/6 KD, with increases in the cell cycle and energy metabolism and decreases in 

development and remodeling. These changes suggest that while CERS2 KD may be detrimental 

to HCM health, CERS5/6 KD may provide positive changes in HCM health and functionality. 

Notably, we also observed increases in cardiovascular disease pathways with CERS2 KD and 
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decreases in cardiovascular disease pathways following CERS5/6 KD. Taken together, these 

findings bolster the hypothesis that 16:0 ceramide plays a negative role in heart failure 

progression, while VLC ceramides 22:0 and 24:0 may play a more protective role against heart 

failure development. 

Although we address changes observed to the hypertrophic response with CERS2 and 

CERS5/6 KD in Chapter 3, there are a few key points to discuss about the observed changes to 

cardiomyocyte homeostasis resulting from the knockdowns. First, when a single gene is silenced, 

the number of crucial genes or pathways altered are usually not this large. Although it appears 

that with CERS5/6 KD, the observed changes may be indicative of better functioning 

cardiomyocytes, the vast number of gene changes observed could be suggestive that a long-term 

treatment with a CerS inhibitor could potentially cause toxicity. Furthermore, since it appears the 

CerS proteins are so complexly interregulated, caution is warranted when inhibiting any of the 

individual CerS enzymes, as this could have negative consequences in other bodily function 

aspects, similar to the fumonisins (32,33). For this reason, these findings are promising in the 

sense that we could develop a CerS2 inducer or activator, which could yield more positive results 

as opposed to inhibiting the CerS5/6 enzymes. Altogether, increasing the potentially protective 

VLC ceramides could be a viable treatment to explore in the future. Due to the large amount of 

observed cell death with 80% CERS2 KD, it is possible that increasing VLC ceramides could be 

protective beyond CVD. 

2.5 Conclusions 

We have demonstrated that altering sphingolipid composition in HCMs leads to vastly 

different cellular responses, with opposing changes in cellular remodeling and energy 

metabolism, suggesting that CERS2 KD and CERS5/6 KD led to detrimental and protective 
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responses in HCMs, respectively. The findings in this study suggest that since modifying 

ceramides species leads to alterations in the respective downstream sphingolipid species, more 

work is necessary to characterize the effect of each ceramide species on cardiomyocyte 

homeostasis. This work lays the foundation for investigating if altering the ceramide species 

through compounds directed at specific sphingolipid producing enzymes could represent a viable 

treatment option to combat heart disease. Further experimentation on how altering the 

sphingolipid levels in HCMs change the cellular response to cardiac hypertrophy, a hallmark of 

heart failure progression, is necessary and will be presented in Chapter 3.  
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Figures 

 

Figure 2.1. CERS gene expression in HCMs from RNA-sequencing data. 

Normalized CERS expression confirming the expression of the different CERS in 

immortalized human ventricular cardiomyocytes, n=3.  
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Figure 2.2. Optimized ~ 80% CERS2 KD leads to significant cell death. 

(A) Treatment with CERS2 siRNA leads to 82% KD of CERS2. (B) Cell viability 

following 72h knockdown of CERS2 compared to the scramble control. n=3, **** P 

<0.0001, *** P < 0.001  
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Figure 2.3. Quantification of sphingolipid species changes with 72h CERS2 KD 

according to class. 

(A) ceramide, (B) sphingomyelin, (C) lactosylceramide, and (D) hexosylceramide. 

Unless otherwise noted, all species had an 18:1 sphingosine backbone. Two sets of n=3 

sample collections resulting in an n=6, ** P < 0.01, * P < 0.05  
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Figure 2.4. Transcriptome variation between CERS2 KD and scramble control 

samples. 

PCA plot across the HCM transcriptome in CERS2 KD samples (green boxes) and 

scramble control (blue circles).  
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Figure 2.5. DEGs within the sphingolipid metabolic scheme identified with CERS2 

KD. 

Genes important to sphingolipid metabolism (FDR < 0.05) highlighted due to CERS2 

KD. A positive z-score (red) indicates higher expression, while a lower z-score (blue) 

indicates lower expression. * Signifies potential interregulation within the CERS. FA – 

fatty acid  
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Figure 2.6. Volcano plot with labels encompassing several pathways altered due to 

CERS2 KD in HCMs. 

The highlighted pathways are representative of the vast changes observed in the CERS2 

KD and further represent important pathways for heart function and cellular 

homeostasis. AA – amino acid, TCA – tricarboxylic acid, ECM – extracellular matrix  



 

 

54 

 

Figure 2.7. Optimized ~80% CERS5/6 KD leads to small amounts of cell death. 

(A) Treatment with CERS5 and CERS6 siRNA leads to 88% KD of CERS5 and 85% 

KD of CERS6. (B) HCM viability declines to 75% following 72h CERS5 and CERS6 

KD. n=3, **** P < 0.0001, *** P < 0.001  
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Figure 2.8. Quantification of sphingolipid species changes with 72h CERS5/6 KD 

grouped by species. 

(A) ceramide, (B) sphingomyelin, (C) lactosylceramide, and (D) hexosylceramide. 

Unless otherwise noted, all species had an 18:1 sphingosine backbone. Two sets of n=3 

sample collections resulting in an n=6, **** P < 0.0001, *** P < 0.001, ** P < 0.01, * P 

< 0.05  
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Figure 2.9. Transcriptome variation between CERS5/6 KD and scramble control 

samples. 

PCA plot across the HCM transcriptome in CERS5/6 KD samples (purple boxes) and 

scramble control (blue circles).  
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Figure 2.10. DEGs within the sphingolipid metabolic scheme identified with 

CERS5/6 KD. 

Genes important to sphingolipid metabolism (FDR < 0.05) highlighted due to CERS5/6 

KD. A positive z-score (red) indicates higher expression, while a lower z-score (blue) 

indicates lower expression. * Signifies potential interregulation within the CERS. FA – 

fatty acid  
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Figure 2.11. Volcano plot labeling representative pathways altered due to CERS5/6 

KD in HCMs. 

Many of the observed pathway changes are important for cellular homeostasis and heart 

function. ECM – extracellular matrix, ER – endoplasmic reticulum, AA – amino acid, 

TCA – tricarboxylic acid  
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Figure 2.12. Comparison of the observed changes following either CERS2 or 

CERS5/6 KD. 

Comparison of the identical up and downregulated (A) DEGs and (B) GSEA gene sets 

independently identified with CERS2 and CERS5/6 KDs.  
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Chapter 3:    The Impact of Altering Long-Chain and Very Long-Chain 

Ceramides on the Cardiomyocyte’s Hypertrophic Response 

3.1 Introduction 

Ceramides are members of the sphingolipid class and constitute the central metabolite 

essential for the formation of more complex sphingolipids, such as SM. Ceramides contain a 

sphingosine backbone with an acylated fatty acid of varying chain lengths that have been linked 

to a multitude of biological functions (1). Additionally, ceramides play a role in several processes 

of relevance to HF pathophysiology including promoting apoptosis, oxidative stress, endothelial 

dysfunction, inflammation, lipotoxicity, and insulin resistance (2–4). That said, in most 

experimental studies pertaining to ceramides thus far, researchers have been focused on studying 

the general ceramide backbone, instead of pinpointing one of over fifty distinct molecular 

ceramide species (5) and investigating the specific roles that each ceramide plays in health. More 

recent research efforts have focused on defining the roles that the ceramides with different fatty 

acid lengths play in cardiovascular disease CVD. It is important to note that since ceramide 

synthesis and metabolism is so complex and involves several compensatory pathways as 

portrayed in Figure 1.2, elucidating the distinct functions of different acyl-chain length 

ceramides is arguably a more robust question than examining the ceramide species together. This 

also helps tackle convolution in data interpretation since ceramides can be formed by different 

mechanisms in distinct cellular compartments and hence exert different functions. 

In 2019, our colleagues published a manuscript describing the association of 16:0 plasma 

ceramide and SM with an increased risk of incident HF, while VLC 22:0 ceramide, and 20:0, 

22:0, and 24:0 SM were associated with a decreased risk (6). This led us to hypothesize that 

altering these sphingolipid species would influence CVD progression and alter the biological 
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processes related to HF. In Chapter 2, we presented evidence that silencing the distinct ceramide 

synthases, CERS2 and CERS5/6, responsible for the generation of 22:0 plus 24:0 ceramide, or 

16:0 ceramide, respectively, resulted in vast changes to the transcriptome of immortalized human 

cardiomyocytes. In this chapter, we evaluate the effect of silencing CERS2 and CERS5/6 on the 

cardiomyocyte’s hypertrophic response to probe our hypothesis that the lipid products generated 

by CerS2 are protective against cardiac hypertrophy, while the products of CerS5/6 are 

detrimental to the progression and development of hypertrophy. 

3.1.1 Research Strategy 

Here, we use cardiac hypertrophy as a surrogate for HF, since it is not feasible to induce 

HF in a cardiac cell model. This is a viable option given that hypertrophy is the hallmark of HF. 

We begin this chapter by introducing and validating our working hypertrophy model. We then 

utilize this model and run global transcriptomics to investigate how silencing the different CERS 

genes may impact the HCM response to hypertrophy. Throughout this chapter, we walk through 

two different computational approaches to tease out transcriptome changes specific to the 

hypertrophic response due to CERS2 and CERS5/6 KD – a likelihood ratio test (LRT) and a 

cluster analysis. This work is an important first step to uncovering the importance of the different 

ceramide species in the progression of heart failure. 

3.2 Materials and Methods 

3.2.1 Materials 

The immortalized human ventricular cardiomyocytes and all consumables needed to 

maintain the myocytes including PriGrow I media, penicillin/strep, and extracellular matrix were 

supplied by Applied Biological Materials (Bellingham, WA). CERS2 siRNA and the universal 
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scramble control (#SR323951) were purchased from Origene (Rockville, MD). Silencer siRNA 

for CERS5 (#AM16708, siRNA ID #131807), CERS6 (#AM16708, siRNA ID #149485), and 

Silencer Negative Control #5 siRNA (#AM4642) were obtained through Invitrogen (Waltham, 

MA). Tissue culture treated plates, Lipofectamine 3000 Reagent, DMSO, Opti-MEM media, 

PBS, formaldehyde, Hoechst 33342 (#62249), Alexa Fluor 488 Phalloidin (#A12379), cell 

scrapers, RIPA lysis buffer, Halt protein and phosphatase inhibitor cocktail, BCA reagents and 

standards, dithiothreitol, electrophoresis system, PageRuler Plus Prestained Protein Ladder, 

NuPAGE 4-12% Bis-Tris gels, MOPS SDS Running Buffer, iBlot Transfer System, 

nitrocellulose transfer stacks, and RNA isolation kits were all obtained from Thermo Fisher 

Scientific (Waltham, MA). The anti-BNP antibody was purchased from Bioss Antibodies 

(Woburn, MA), while the anti-b-actin antibody was purchased from Cell Signaling (Danvers, 

MA). The secondary antibodies were obtained through LI-COR (Lincoln, NE). Phorbol 12-

myristate 13-acetate was purchased from Cayman Chemicals (Ann Arbor, MI). Triton X-100 was 

purchased from Sigma Aldrich (Burlington, MA). 

3.2.2 Cell culture 

Immortalized human ventricular cardiomyocytes were cultured and passaged in an 

identical manner to that described in detail in Chapter 2, Section 2.2.2. 

3.2.3 Hypertrophy treatment with CERS2 and CERS5/6 KDs 

Gene silencing was accomplished following the same protocol and materials described in 

Chapter 2, Section 2.2.3. Cells were treated with 4 µM phorbol 12-myristate 13-acetate (PMA) 

or a comparative vehicle control (0.025% DMSO) in serum-free media 24h after the reverse 

transfection. With the CERS5/6 combo KD and its respective control, HCMs were retreated with 

2 µM PMA 24h after the start of the initial treatment, leading to a total 48h hypertrophy 
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treatment, while the initial PMA treatment was left as is in the CERS2 KD to minimize cell 

death. After the completion of the 48h PMA treatment, the cells were used for further analyses 

described below. 

3.2.4 Cell imaging 

After the 48h PMA treatment, cells were washed and fixed with 4% methanol-free 

formaldehyde for 20 min (#FB002). Cells were then permeabilized with 0.1% Triton X-100 

(#T8787) in PBS prior to being stained for 45 min in the dark. The stain solution consisted of 

Hoechst 33342 to stain for the nucleus, and Alexa Fluor 488 Phalloidin to stain for F-actin, using 

the manufacturer’s recommended dilutions. Images were obtained at random using an EVOS 

M7000 Microscope at 40x. Following image procurement, images were analyzed using Celleste 

Image Analysis Software Version 6.0. An automated method for obtaining cell area was created 

where the sum of the membrane area was divided by the number of nuclei present, generating an 

average cell area for each respective image. 

3.2.5 Western blotting 

Following hypertrophy treatment, samples were lysed utilizing RIPA lysis buffer 

(#89901) and Halt Protease and Phosphatase Inhibitor Cocktail (#78440). To protein normalize 

the samples, BCA protein reagents (Reagent A, # 23228; Reagent B, #23224) and the Bovine 

Serum Albumin Pre-Diluted Standard Set (#23208) were used. Samples were reduced with 50 

mM dithiothreitol (#A39255) and left to incubate at room temperature for 15 min. NuPAGE 4-

12% Bis-Tris gels (#NP0336) were used with the XCell SureLock Mini-Cell Electrophoresis 

system, PageRuler Plus Prestained Protein Ladder (#26619), and MOPS SDS Running Buffer 

(#NP0001). The gel was transferred to a nitrocellulose transfer stack (#IB301001) using an iBlot 

Transfer System. For 90 min, the blot was blocked in blocking buffer consisting of: 5% w/v milk 
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powder, 5% w/v BSA, 0.1% v/v Tween 20, and 0.1% w/v sodium azide in PBS. A primary 

antibody incubation with a 1:1000 dilution of rabbit anti-b-actin antibody (#4970) and a 1:500 

dilution of mouse anti-BNP antibody (#bsm-4579M-A647) was conducted overnight. This was 

followed by an hour-long room temperature incubation with secondary IRDye 680RD goat anti-

rabbit (#926-68071) and IRDye 680RD goat anti-mouse (#926-68070) antibodies the next 

morning. Western blots were scanned using an Odyssey CLx gel scanner and images were 

visualized using Image Studio Version 4.0 software. 

3.2.6 Total RNA isolation and mRNA-sequencing 

RNA isolation and mRNA sequencing were run in an identical manner to that described 

in Chapter 2, Sections 2.2.5 and 2.2.7, respectively. To reiterate a note made in Section 2.2.7, 

based on the failure of one of the quality controls checks, one of the CERS2 KD scramble 

controls was excluded from further analysis. 

3.2.7 Bioinformatics and pathway analyses 

3.2.7.A Gene expression analysis 

The gene expression analysis was performed as described in Chapter 2, Section 2.2.8.A. 

3.2.7.B Gene set enrichment analysis 

GSEA analysis was conducted as detailed in Chapter 2, Section 2.2.8.B. 

3.2.7.C LRT/Cluster analysis 

To investigate the genes associated with the interaction between PMA treatment and 

genotype, we employed LRT within DESeq2 (7). Specifically, we compared the full model, 

including the interaction term, to a reduced model, without the interaction term. Genes exhibiting 

similar expression patterns across experimental conditions were subsequently clustered using k-
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means analysis. The number of clusters were chosen to reduce the intra-group variance while 

maximizing the silhouette score. 

3.2.7.D WebGestalt 

In order identify pathway changes due to hypertrophy treatment with CERS KD, we 

utilized WebGestalt’s over-representation analysis software (8). Using the default parameters, 

with a selected FDR < 0.05 and the functional pathway databases: KEGG, Panther, and 

Reactome, enrichment results were generated for the entirety of the LRT gene lists for both 

CERS2 and CERS5/6 KD. Additionally, analyses were performed with each gene list 

encompassed by the identified clusters. Any cluster that was not assigned a pathway in either 

Figure 3.5B or Figure 3.7B returned no significant biological pathways. 

3.3 Results 

3.3.1 Establishing a cardiac hypertrophy model 

Cardiac hypertrophy is a disease characterized by enlarged cardiomyocytes and 

ventricular wall thickening, a condition that can be mimicked using cultured cardiac cells. 

Cardiac hypertrophy results in a decreased ability to pump blood throughout the body and an 

increased workload of the heart in order to maintain functionality. As a result, cardiac 

hypertrophy typically precedes the onset of HF (9). For this reason, we chose to develop a 

cardiac hypertrophy model to serve as our means to investigate HF, since HF cannot be 

reproduced in a cell culture model. We believed this represented a viable and testable way to 

investigate our research question; how do the 16:0, 22:0, and 24:0 ceramide species alter the 

heart’s response to CVD progression? 
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Our experimental workflow began where we left off in Chapter 2; we silenced either 

CERS2 or CERS5/6, then introduced a hypertrophy inducing compound to the genetically 

manipulated cells in order to investigate how endogenously modifying different levels of 

ceramide species in the cardiomyocyte altered the HCM’s hypertrophic response. As mentioned 

in Chapter 2, Section 2.3.1, one of the reasons we selected to use the HCMs purchased from 

Applied Biological Materials was because these cells had a baseline level of NPPB that could 

serve as a biochemical marker to quantify hypertrophy levels within the cells. NPPB is the gene 

the encodes a protein known as BNP, which is currently the clinical gold standard biomarker for 

HF. Having a biochemical marker for this assay was imperative, since imaging experiments 

analyzing cell size are not conducive to comparison between experimental groups. 

Initial experiments consisted of running dose-response curves with a panel of known 

hypertrophy inducing compounds: PMA, endothelin-1, isoproterenol, and angiotensin II. 

Preceding RT-qPCR analysis investigating NPPB expression, we decided to focus solely on PMA 

treatment since it produced a dose-dependent and consistent increase in NPPB. Additionally, it is 

worth mentioning that experiments were completed with myriocin, a potent inhibitor of the 

enzyme that catalyzes the first step of sphingolipid biosynthesis, serine palmitoyltransferase (10). 

With myriocin incubation, we observed no change in the hypertrophic response with PMA 

treatment. For this reason, we will be presenting only on the impact that silencing CERS2 and 

CERS5/6 had on the hypertrophic response induced by PMA treatment. 

3.3.2 Confirming a hypertrophic response 

To increase rigor in our hypertrophy model, we used three methods to ensure the HCMs 

developed a hypertrophic phenotype following 48h PMA treatment. HCMs were treated with 

PMA, or a respective vehicle control, fixed, stained, and imaged to analyze changes in cell size 
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(Figure 3.1A). PMA treatment increased the average cell size by approximately 33% (Figure 

3.1B). Additionally, PMA treatment increased both BNP protein expression (Figure 3.1C) and 

mRNA (Figure 3.1D). Taken together, this experimental evidence supports that PMA treatment 

induces a consistent cardiac hypertrophy response in our HCM model. 

3.3.3 RNA sequencing sample overview 

Our two experimental groups comprise silencing of the ceramide synthases responsible 

for the generation of the proposed protective VLC ceramides (CERS2), and detrimental LC 16:0 

ceramide (CERS5/6). Using methods optimized and discussed in Chapter 2, we have 

demonstrated that knockdown of CERS2 and CERS5/6 both result in the reduction of the 

expected ceramides and downstream sphingolipids. Furthermore, we have demonstrated that 

with CERS KD alone, we observe many pathway changes and interestingly, the trends with these 

pathway changes are primarily discordant with one another, suggesting that LC and VLC 

ceramides play contrasting roles in HCM homeostasis. To continue exploring the hypothesis that 

altering LC and VLC sphingolipid species in HCMs will influence CVD progression we silenced 

the respective CERS enzymes, then induced cardiac hypertrophy with PMA. This resulted in four 

different experimental conditions (n=3) for each CERS KD that were subjected to global mRNA 

sequencing: (1) KD treated with PMA, (2) KD treated with vehicle, (3) scramble control treated 

with PMA, (4) scramble control treated with vehicle. In Chapter 2, we presented data for the 

KD and scramble controls treated with vehicle, but in this chapter, we will analyze all four 

experimental conditions. A PCA plot displays separation between the different conditions with 

CERS2 KD (Figure 3.2A) and CERS5/6 KD (Figure 3.2B), suggesting that both KD and PMA 

treatments alone lead to significant alterations in the transcriptome. 
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3.3.4 Hypertrophy response pathway changes 

Treatment with PMA for 48h leads to many HF relevant pathway changes in HCMs. 

Since both experimental groups had controls treated with PMA and the respective vehicle, it is 

crucial to compare the PMA response of the controls to ensure we are observing comparable 

results from day-to-day experiments. A DESeq2 analysis was completed on both datasets to 

generate the DEGs and rank all the genes in terms of significance. This preranked DESeq2 file 

was analyzed through GSEA to identify transcriptome perturbations that map onto biologically 

relevant pathways due to PMA treatment. With a preset FDR < 0.05, we observed over 60% 

DEG and specific pathway overlap, demonstrating that these analyses are very similar, as small 

variations in biological replicates are to be expected. Because of this, we chose a single dataset to 

demonstrate the DEG and pathway changes observed due to PMA addition in HCMs, focusing 

solely on pathway alterations observed in both datasets (Figure 3.3). With PMA treatment, we 

observed an upregulation in ECM organization, the interferon response, hypoxia, sphingolipid 

and metal metabolism, and steroid biosynthesis. Additionally, we observed an upregulation in 

cardiomyopathy pathways, suggesting that the changes observed due to PMA treatment render 

similar changes to those observed in HF. Furthermore, we saw downregulations in translation, 

apoptosis, energy metabolism, rho GTPase, and the cell cycle. 

3.3.5 Hypertrophic response changes due to ceramide synthase 2 (CERS2) 

knockdown 

Reducing the expression of CERS2 altered the PMA induced hypertrophic response. In 

order to tease out the hypertrophic response changes due to CERS KD, we had to control for both 

gene silencing and PMA treatment effects. To achieve this, we ran an interaction analysis known 

as an LRT, which identified 560 genes that were significantly altered with an FDR < 0.05 
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(Figure 3.4). These 560 genes represent the changes observed in the hypertrophic response due 

to CERS2 KD, a few of which have been highlighted to indicate their changes with respect to 

CERS2 KD and PMA treatment. Importantly, none of the CERS were identified, validating that 

with the KD and PMA treatment, CERS expression stayed consistent. 

We then performed k-means clustering on the 560 genes identified by the DESeq2 LRT 

analysis. We found that the gene expression patterns across the four experimental conditions 

were well-differentiated by 7 clusters as shown for all the genes in Figure 3.4 and the cluster 

expression means in Figure 3.5A. While k-means is an unsupervised method, we attempted to 

add some biological interpretation to the clusters. Each gene cluster underwent a WebGestalt 

analysis to assign biologically relevant functional categories to the observed expression change 

patterns. This analysis allowed us to compare physiological responses to cluster expression 

patterns to provide a more thorough understanding of the biological processes altered in response 

to hypertrophy induction due to CERS2 KD. Initially, all 560 identified genes were subjected to a 

WebGestalt over-representation analysis, which is a popular tool that assists in turning gene lists 

into biologically relevant functional categories (8). Then, the gene lists comprising each cluster 

were subjected to this same analysis, and any identified overlapping functions were labeled 

according to the respective cluster (Figure 3.5B). The gene list encompassed in cluster 7 did not 

map onto any biologically relevant pathways. This is not concerning and indicates that the list of 

genes that made up this cluster did not strongly correlate with any biological processes, hence is 

unlabeled in the volcano plot. Interestingly, we observed hypertrophic response changes in 

cholesterol and lipid metabolism, the immune response, and ECM organization due to CERS2 

KD. We will address the particular patterns observed in the discussion section, but alterations in 
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these pathways suggests that silencing CERS2 leads to alterations in important processes relevant 

to CVD pathophysiology. 

3.3.6 Hypertrophic response alterations due to ceramide synthase 5 and 6 

(CERS5/6) knockdown 

Similar to the CERS2 KD interaction analysis, we completed a CERS5/6 KD interaction 

analysis to identify the hypertrophic response changes due to genetic manipulation of CERS5/6. 

Controlling for both CERS5/6 KD and PMA treatments alone identified 405 genes (FDR < 0.05) 

as being different in the hypertrophic response due to CERS5/6 KD (Figure 3.6). Notably, none 

of the CERS were identified within these 405 genes of interest, again verifying that with KD and 

PMA treatment CERS expression stayed consistent. LDLR (low density lipoprotein receptor), 

ACTA2 (actin alpha 2), PLIN2 (perilipin 2), and ANKRD1 (ankyrin repeat domain 1) constitute a 

few of these observed gene changes. 

A cluster analysis was completed on these identified genes and their cluster expression 

patterns can be found in Figure 3.7A. These gene sets were assigned biologically relevant 

functions using WebGestalt and are mapped onto all the observed changes (FDR < 0.05) with the 

identified LRT genes (Figure 3.7B). Notably the gene sets that make up clusters 7 and 8 did not 

map onto any biological processes, so they are excluded from the volcano plot. Similar to what 

was found with CERS2 KD, we observed hypertrophic response changes in cholesterol 

biosynthesis, the immune system, and ECM organization due to CERS5/6 KD. These results 

suggest that CERS5/6 KD also perturbs pathways important to the hypertrophic response and 

could further impact CVD progression. 
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3.4 Discussion 

3.4.1 Summary of results 

In this study, we investigated the effect of silencing ceramide synthases responsible for 

the production of VLC 22:0 and 24:0 ceramides (CERS2) and LC 16:0 ceramide (CERS5/6), on 

the hypertrophic response in human cardiomyocytes. In Chapter 2, we successfully 

demonstrated that knocking down CERS2 and CERS5/6 in HCMs reduced the cellular level of 

their respective ceramides and downstream complex sphingolipids as expected. Additionally, we 

were able to demonstrate that CERS2 and CERS5/6 KD had contrasting effects on various 

transcriptomic pathways, which is further evidence that VLC and LC sphingolipids play different 

roles in cardiovascular homeostasis. In this study, we expanded on our previous work by 

exploring how altering these ceramide synthases could impact pathways crucial for 

cardiovascular disease progression by utilizing a cardiac hypertrophy model. The key finding in 

this study is that the VLC and LC ceramides play opposite roles in important pathways linked to 

the cell’s response to hypertrophy which mimics the progression of HF. CERS2 KD leads to 

pathway changes that support a more advanced HF progression while CERS5/6 KD leads to less 

aggressive changes in pathways crucial to cardiac hypertrophy progression. These findings 

support our hypothesis that products of CERS2 may be protective against cardiac hypertrophy, 

while products of CERS5/6 may worsen CVD progression. 

3.4.2 PMA treatment leads to a cardiac hypertrophy phenotype 

In order to test how the different CERS impact the progression of heart disease, we 

initially had to develop a CVD model in HCMs. We chose to target cardiac hypertrophy since 

hypertrophy typically precedes more advanced stages of HF and is a disease that can be 

mimicked in cell culture. We used the PKC activator, PMA (11), as our hypertrophy inducer. 
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PKC plays a multifaceted role in many different CVDs, including cardiac hypertrophy, where it 

regulates apoptosis, endothelial function, cardiac ion channels, mitochondrial function, and the 

inflammatory response (12). Furthermore, in 2012 Russo et al. demonstrated that CERS5 KD 

was sufficient to prevent myristate induced hypertrophy in feline cardiomyocytes (13), 

supporting that PMA induced hypertrophy would be a relevant model for studying how different 

ceramide species contribute to the hypertrophic response. We were able to confirm the 

characteristic increase in HCM size with PMA treatment (Figure 3.1A), as well as demonstrate 

an increase in both mRNA (Figure 3.1D) and protein expression (Figure 3.1C) of BNP, the 

clinical HF biomarker. 

PMA treatment alters crucial pathways consistent with cardiac hypertrophy (Figure 3.3). 

When benchmarking DEG and pathways changes within the two different transcriptomic batches 

of PMA treatment vs controls, we noted minimal day-to-day variability. With both datasets, we 

observed marked increases in pathways involved in ECM organization and hypoxia, suggesting 

the PMA treated HCMs are undergoing cardiac remodeling, a signature of cardiac hypertrophy 

(14,15). Additionally, we noted increases in sphingolipid and metal metabolism as well as steroid 

biosynthesis. All these changes are characteristic of CVD pathophysiology, which is further 

validated by the observation of increases in pathways like cardiomyopathy, suggesting that 

similar gene changes are observed in our PMA treated HCMs as those observed in human heart 

disease. Observed declines in pathways involved in energy metabolism like oxidative 

phosphorylation (OXPHOS) and the tricarboxylic acid (TCA) cycle, suggest the PMA treated 

HCMs may be struggling to reach the energy requirements essential for healthy HCMs, and 

further supports a hypertrophic phenotype. Additionally, adult HCMs typically do not reenter the 

cell cycle when exposed to growth signals, and instead respond to these signaling by increasing 
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cardiac mass through hypertrophy (16). The observed decline in pathways involved in the cell 

cycle and translation may suggest that the HCMs are struggling to maintain homeostasis 

compared to their untreated controls. Ultimately, it is important to remember that cardiovascular 

diseases are complex, and pathophysiology changes based on the afflicted CVD indication. That 

said, all the observed dysregulations following PMA treatment are indicative of stressed and 

unhealthy HCMs. The observed pathway changes suggest that PMA treatment is changing the 

transcriptome in our cultured HCMs in a similar manner to what is observed in human cardiac 

hypertrophy, validating the use of this model to study HF disease progression. 

3.4.3 Hypertrophy response changes due to CERS KD 

There were a handful of changes in the hypertrophic response due to both CERS KDs. To 

tease out hypertrophy response changes due to CERS KD, we ran an LRT analysis to control for 

isolated changes due to both CERS KD and PMA treatment. Notably, although this analysis is 

limited to a small number of genes within each pathway, it directed us to the most important 

changes in the hypertrophic response due to CERS KD. With the silencing of CERS2 and 

CERS5/6, we identified 560 and 405 genes altered, respectively, that represent the hypertrophy 

response changes due to reduced CERS expression. The genes were clustered using k-means to 

minimize the sum-of-squares differences among the clusters, but without respect to the 

underlying biology. The gene sets that composed each cluster were subjected to WebGestalt 

analyses to assign biologically relevant functional categories to each cluster expression pattern. 

3.4.3.A The effect of CERS2 KD on the hypertrophic response 

Before breaking down these patterns and biological functions to better understand what is 

occurring within the HCMs, we must first reiterate the findings that were made in Chapter 2. 

Looking at just CERS2 KD alone, we observed changes in many pathways crucial for cardiac 
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hypertrophy, leading us to believe that CERS2 KD and the corresponding reduction of cellular 

levels of VLC sphingolipids, by itself, can influence a HF phenotype within these cells. That 

said, with CERS2 KD and PMA treatment, these cells are being stressed twice; both with 

treatments that we have evidence to believe increase hypertrophy. We would also like to 

reemphasize that all 560 genes identified in the interaction analysis are changed due to the 

hypertrophic response because CERS2 was silenced. 

The hypertrophy response with CERS2 KD differs by observed increases in lipid 

metabolism and cardiomyocyte remodeling and decreases in the immune response (Figure 

3.5B). Cluster 1 represents cholesterol and lipid metabolism. As discussed in Chapter 2, CERS2 

KD alone results in decreases in pathways involved in cholesterol biosynthesis and lipid 

metabolism compared to control cells. With this gene list, we see a marked increase in gene 

expression related to cholesterol biosynthesis and lipid metabolism with CERS2 KD and PMA 

treatment, but this pattern is not observed in the scramble control, suggesting that with CERS2 

KD and PMA treatment, the cells are undergoing further lipid dysregulation. Additionally, we 

observe an increase in ECM organization, denoted by a higher gene expression profile with PMA 

treatment and CERS2 KD in cluster 3, indicating increased cardiac remodeling and hypertrophy 

(15). The immune response is also greatly influenced by CERS2 KD and PMA treatment. 

Examining cluster 2 closer, we observe lower gene expression changes with PMA treatment in 

the CERS2 KD samples, compared to the controls, leading us to conclude that there is less of an 

immune response due to CERS2 KD following PMA treatment. Overall, the hypertrophy 

response changes due to CERS2 KD are very suggestive of increased cardiac dysfunction, but 

these findings need to be further explored experimentally. 



 

 

78 

3.4.3.B The effect of CERS5/6 KD on the hypertrophic response 

Contrasting the CERS2 KD, in Chapter 2 we discussed how CERS5/6 KD appeared to 

have less of a HF phenotype compared to controls, suggesting that CERS5/6 and their gene 

products could play fundamental roles in the development and progression of HF. If CERS5/6 

KD is protective, and PMA treatment is detrimental, it is interesting to consider which 

hypertrophy responses are augmented due to a decline in 16:0 sphingolipid products. Again, it is 

important to point out that all 405 identified genes are altered due to both CERS5/6 KD and PMA 

treatment. 

The hypertrophic response with CERS5/6 KD differs by observed increases in the 

immune response and decreases in cholesterol biosynthesis and cardiomyocyte remodeling 

(Figure 3.7B). Clusters 2 and 3 contain gene sets imperative to the cellular immune response. 

With both these clusters, we observe a larger change in gene expression following PMA 

treatment with CERS5/6 KD compared to controls. Additionally, we observe a very significant 

decline in cholesterol biosynthesis, encompassed by the gene set linked to cluster 1. Finally, we 

note less expression following PMA treatment with CERS5/6 KD samples compared to controls 

in cluster 4, which is representative of ECM organization and remodeling. Overall, the 

hypertrophy response changes due to CERS5/6 KD are compelling in that the hypertrophy 

treatment appeared to be less severe in samples with CERS5/6 KD compared to controls, but 

these findings need to be explored further experimentally. 

Although it appears that CERS5/6 KD leads to protection against the severity of PMA 

treatment, I will reiterate some of the points made in Chapter 2. Due to the vast amount of 

changes observed due to CERS5/6 KD alone, caution should exercised if developing inhibitors 

targeting these ceramide synthases. It is possible that inhibition of any single CERS could result 
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in increased toxicity and cell death based on the role the ceramides play in regulated cell death 

like apoptosis. For this reason, I believe a better therapeutic approach would be to increase the 

concentration of VLC ceramide species by developing a compound that either induces or 

activates CERS2. This work is important as it presents a first look at the role specific ceramide 

synthases play in the development of cardiac hypertrophy. Understanding the physiology of the 

different ceramide species is crucial as more efforts go into developing therapeutic agents 

targeting modifiable pathways in the sphingolipid metabolic scheme. 

3.5 Conclusions 

In conclusion, we see contrasting changes in the CERS2 and CERS5/6 hypertrophic 

responses. When HCMs experienced silenced CERS2 expression and reduced VLC ceramide 

cellular content and were then subjected to hypertrophy, we observed increases in HCM 

remodeling, cholesterol biosynthesis, and lipid metabolism, and decreases in the immune 

response, indicative of more advanced CVD progression. While, following CERS5/6 KD, HCMs 

that had reduced 16:0 ceramide and the corresponding sphingolipid products underwent pathway 

changes suggesting an increase in the immune response and a decline in HCM remodeling, 

cholesterol biosynthesis, and lipid metabolism, reflective of a reduced hypertrophic response 

following PMA treatment and potentially healthier cells. These findings support our hypothesis 

that CERS2 and VLC ceramides may play a protective role against CVD progression, while 

CERS5/6 and 16:0 ceramide could have a harmful effect and contribute to the development and 

progression of CVD. These findings emphasize the importance of research that will characterize 

the role that VLC and LC sphingolipid species play in both the development and progression of 

cardiovascular disease.  
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Figures 

 

Figure 3.1. PMA treatment for 48h induces a hypertrophic response in HCMs. 

(A) An increase in HCM cell size is observed with 40x images and F-actin staining and 

the (B) average cell area from 13 individual images depicts a roughly 33% increase in 

HCM size. (C) A western blot and the respective band intensity quantification showing 

increased BNP protein expression (n=6, technical replicates) and (D) NPPB (gene 

encoding for BNP) normalized gene expression (from RNA-sequencing results) 

increases following PMA treatment, n=3. **** P < 0.0001, * P < 0.05  
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Figure 3.2. Transcriptome variation between the different CERS experimental 

groups treated with PMA vs controls. 

PCA plot across the cardiomyocyte transcriptome with the samples from the (A) CERS2 

KD and (B) CERS5/6 KD demonstrates clear separation between all the different 

sample conditions within each experimental group.  
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Figure 3.3. Volcano plot displaying pathway changes due to 48h PMA treatment. 

The highlighted pathways are representative of the major changes in HCMs observed in 

scramble controls treated with PMA compared to treated with vehicle controls. 

OXPHOS – oxidative phosphorylation, TCA – tricarboxylic acid.  
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Figure 3.4. DEG heat map highlighting gene changes in the hypertrophic response 

due to CERS2 KD. 

The color coding and numbers on the left map onto the specific gene clusters presented 

in Figure 3.5 below.  
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Figure 3.5. Biological functions assigned to each gene cluster identified as being 

significantly different in the CERS2 KD hypertrophy response. 

(A) Identified cluster expression patterns for all the gene changes due to PMA treatment 

and CERS2 KD. (B) WebGestalt analysis using all 560 genes identified as different in 

the hypertrophic response due to CERS2 KD. Representative biological functions were 

assigned to each cluster, with the symbol and color coordinating to the respective 

cluster (FDR < 0.05). Unlabeled points did not correspond to any individual cluster. 

ECM – extracellular matrix, SREBP – sterol regulatory element-binding proteins  
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Figure 3.6. DEG heat map highlighting identified gene changes in the hypertrophic 

response due to CERS5/6 KD. 

The breakup of the genes on the left-hand side corresponds to each respective gene 

cluster presented in Figure 3.7.  
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Figure 3.7. Biological functions assigned to each gene cluster identified as being 

significantly different in the CERS5/6 KD hypertrophy response. 

(A) Identified cluster expression patterns for all the gene changes due to both CERS5/6 

KD and PMA treatment. (B) WebGestalt analysis using all 405 genes identified as 

different (FDR < 0.05) in the hypertrophic response due to CERS5/6 KD. Unlabeled 

points did not correspond to an individual cluster. ECM – extracellular matrix  
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Chapter 4:    The Role of the Inotropic Agent Apelin and its Receptor in Cardiac 

Hypertrophy 

4.1 Introduction 

Apelin and APJ constitute two major members of the AS. Apelin isoforms are peptides 

that have multiple bioactive forms in the body that activate APJ signaling to regulate important 

cardiovascular functions. All apelin isoforms have some levels of activity, from the 77 residue 

preproapelin (AP-77) to the 13 residue apelin (AP-13) (1,2). The most studied and considered to 

be the most active apelin isoforms (in inverse order) are AP-36, AP-17, AP-13, and the post-

translationally modified pyr-AP-13, but there are apelin isoforms beyond these (1,2). 

Interactions within APJ with the different apelin isoforms lead to different 

phosphorylation patterns on APJ which selectively influence distinct signaling pathways and 

downstream cellular effects (2–4). A more in-depth description of APJ signaling can be found in 

Chapter 1, Section 1.4.2. In 2018, Shin et al. summarized a group of APJ mutation studies 

suggesting that there are specific amino acid residues within APJ that lead to certain downstream 

signaling responses (1). An example of this was demonstrated by Iturrioz et al. where site-

directed mutagenesis of the tryptophan in APJ’s CWXP motif were still capable of apelin binding 

and Gai signaling, but were unable to induce receptor internalization with AP-17, despite AP-17 

binding (5). Additionally, Jiang et al. conducted a thorough investigation to determine how the 

different apelin isoforms impact APJ’s signaling pathways, concluding that all the ligands exhibit 

distinct signaling profiles (4). The crystal structure of APJ bound to AP-17 mimetic peptide 

AMG3054, suggests that ligand-APJ interactions may involve a two-site binding mode (6). 

Based off of the mutagenesis work this group completed, they further hypothesized that apelin 

isoforms of different lengths may interact with APJ in a different manner, with AP-36 reaching 
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deeper into APJ’s binding pocket while the shorter apelin isoforms may rely more on 

electrostatics and surface level grooves within the APJ structure (6). This theory could help 

further explain the longer lasting effects of AP-36 compared to AP-13 (6). As there are many 

physiological functions that can be activated following stimulation of APJ with the different 

apelin peptides, it is important to differentiate between the effects of the different apelin species 

on heart disease. To our knowledge, no study has been conducted exploring the different roles 

the apelin isoforms play on cardiac health and in response to cardiac hypertrophy. If the 

mechanisms through which the different apelin isoforms exhibit distinct functions were better 

understood, it could be beneficial to try and mimic those interactions with future cardiovascular 

therapies. 

In this chapter for the first time, we will treat adult human cardiomyocytes with different 

forms of apelin and determine their effect on overall cell survival. We will then perform an 

unbiased transcriptomic analysis to measure global gene changes due to apelin treatment. 

Additionally, we explore how the human cardiomyocyte hypertrophy response is modulated 

following treatment with two apelin isoforms both with and without the overexpression of APJ. 

We selected pyr-AP-13, as it is the most studied apelin isoform and is currently thought to be the 

most important in maintaining cardiac function (7,8). We also explored the consequences of 

adding exogenous AP-17, since this apelin isoform has the greatest deviation in signaling effects 

compared to pyr-AP-13 (4). We hypothesized that pyr-AP-13 and AP-17 would activate separate 

downstream pathways leading to different mechanisms of protection against PMA treatment. 

4.1.1 Research Strategy 

We begin this project by completing work in HEK293T cells, as these cells are widely 

used to characterize GPCRs (9). We report on the construction of a plasmid that results in the 
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overexpression of APJ. We further characterize this plasmid by looking at APJ half-life and 

activity in HEK293T cells, before switching to experimentation in an immortalized adult human 

ventricular cardiomyocyte cell line. Since APJ is not endogenously expressed at high enough 

levels in our HCMs, or any other cardiac cell line we investigated, our only option was to 

overexpress the receptor. This is still a physiologically relevant occurrence, as we observed a 

significant increase in APLNR (gene for APJ) expression in cardiac tissue from patients 

diagnosed with cardiomyopathy compared to subjects free of cardiovascular disease diagnoses 

(Figure 4.1). Initially, validation had to be repeated in HCMs to ensure transfection with the APJ 

plasmid resulted in overexpression of APJ mRNA and protein. We then explored the cellular 

consequences of exogenous apelin treatment as well as APJ overexpression on the overall 

homeostasis of the HCM. We conclude this chapter by analyzing the hypertrophic transcriptional 

response due to the addition of a single or multiple AS components following PMA treatment. 

4.2 Materials and Methods 

4.2.1 Materials 

HEK293T cells, DMEM media, and Penicillin-Streptomycin solution were purchased 

through ATCC (Manassas, VA). Immortalized human ventricular cardiomyocytes and all their 

corresponding materials: PriGrow I medium, Penicillin/Streptomycin solution, and extracellular 

matrix were purchased through Applied Biological Materials (Bellingham, WA). The APJ 

plasmid was purchased from Origene (Rockville, MD). pSNAP vector and SNAP substrate BG-

782 were obtained through New England Biolabs (Ipswich, MA). The SNAP-APJ cDNA 

construct was created using Takara’s (San Jose, CA) In-Fusion Molecular Cloning Kit and Stellar 

competent cells and purified using the HiSpeed Plasmid Maxi Kit purchased from QIAGEN 

(Germantown, MD). The sequences were validated through Eurofins Genomics (Seattle, WA). 
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Apelin-13, pyrogluamyl-apelin-13, cycloheximide, forskolin, Ro 20-1724, IBMX, and phorbol 

12-myristate 13-acetate were obtained through Cayman Chemical (Ann Arbor, MI). Apelin-17 

was purchased from Abcam (Boston, MA). The pMAPK and GAPDH antibodies were obtained 

through Cell Signaling (Danvers, MA) and the APJ antibody was purchased from Proteintech 

(Rosemont, IL). The secondary antibody was obtained from LI-COR (Lincoln, NE). Tissue 

culture treated plates, Lipofectamine 3000 Reagent, DMSO, Opti-MEM media, PBS, protamine 

sulfate, RIPA lysis buffer, Halt protease and phosphatase inhibitor cocktail, simply-safe stain, 

BCA protein assay materials and bovine serum albumin standards, dithiothreitol, electrophoresis 

system, PageRuler Plus Prestained Protein Ladder, NuPAGE 4-12% Bis-Tris gels, MOPS SDS 

Running Buffer, iBlot Transfer System, nitrocellulose transfer stacks, PrestoBlue Viability 

Reagent, RNA isolation Kits, and High-Capacity RNA-to-cDNA kits were all purchased from 

Thermo Fisher Scientific (Waltham, MA). Additionally, all RT-qPCR materials were obtained 

from Thermo Fisher Scientific’s TaqMan Reagents: TaqMan Fast Advanced Master Mix for 

qPCR and TaqMan human primers: GUSB (Assay ID: Hs00939627_m1), APLNR (Assay ID: 

Hs00270873_s1), APLN (Assay ID: Hs00175572_m1), and NPPB (Assay ID: Hs00173590_m1). 

The cAMP assay was obtained from Promega (Madison, WI). Novogene (Sacramento, CA) 

completed the RNA sequencing. 

4.2.2 Cell culture 

HEK293T cells (#CRL-3216) were purchased through ATCC (Manassas, VA) and 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS and 

0.1% Penicillin-Streptomycin Solution. Cells were cultured in a 37°C humidified incubator with 

5% CO2. BioLite Microwell Plates (#130184) were purchased from Thermo Fisher Scientific 

(Waltham, MA) and used for all cell experiments. 
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Immortalized human ventricular cardiomyocytes were maintained as described in 

Chapter 2, Section 2.2.2. 

4.2.3 SNAP-APJ plasmid construction and purification 

The open reading frame (ORF) of the purchased APJ plasmid (#RC207576) was excised 

and subcloned into New England Biolab’s pSNAPf vector (#N9183) utilizing Takara Bio’s In-

Fusion HD Cloning Kit (#639650) according to the manufacturer’s protocol. The restriction 

enzymes XhoI and NotI were used to linearize pSNAPf, and the ORF of APJ was inserted, 

resulting in the SNAP-tag being located on the N-terminus of APJ. The SNAP-APJ plasmid and 

Empty-SNAP plasmids were transformed into Stellar competent cells (#636766) and purified 

using the HiSpeed Plasmid Maxi Kit (#12662) following the manufacturer’s protocol. All 

sequences were validated through Eurofins Genomics (Seattle, WA). 

4.2.4 Transient APLNR overexpression 

Reverse transfection conditions were optimized using the Lipofectamine 3000 

Transfection Reagent (#L3000001) for both cell lines used in this study – HEK293T and HCMs. 

The specific amounts of each reagent will be described in the following paragraph. In general, 

this procedure starts with two separate solutions being prepared: one containing lipofectamine 

3000, and the other a mixture of DNA and P3000 reagent. These solutions were mixed well and 

combined in a 1:1 ratio to achieve a DNA-lipid complex that equilibrated at room temperature 

for 20 min while the cells were passaged and counted. The DNA-lipid complex (accounting for 

10% of the total volume) was then mixed with complete media containing the respective number 

of cells and the corresponding mixture was added to each well. 
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The amounts and volumes of reagents below are provided for a single well of a 6-well 

plate. The total volume used for each well was 2.5 mL, and the transfection mixture added to 

each well equated to 10% of the total volume (250 µL). If a different plate was used, amounts 

were scaled down according to the well’s total surface area. 

HEK293T – For the lipofectamine mixture, 3.75 µL Lipofectamine 3000 was 

added to Opti-MEM media (#31985070) to bring the total volume to 125 µL for each 

well. For the DNA + P3000 mixture, 1.25 µg DNA + 2.5 µL P3000 Reagent were 

combined and the total volume was brought to 125 µL per well using Opti-MEM media. 

These two solutions were combined 1:1 and following a 20 min incubation at room 

temperature, 250 µL of this solution was added to each well with 9.0 × 105 cells in 2.25 

mL complete media. 

HCM – The lipofectamine mixture containing 1.5 µL Lipofectamine 3000 

combined with Opti-MEM media was brought up to a total volume of 125 µL for each 

well. For the DNA + P3000 mixture, 2.5 µg DNA + 2 µL P3000 Reagent were combined 

and the total volume was adjusted to 125 µL per well with Opti-MEM media. Following 

the 1:1 mixture with these two solutions, 250 µL was added with 3.5 × 105 cells in 2.25 

mL complete media to each well. 

4.2.5 SNAP-APJ protein expression 

Protein normalization, SDS-PAGE gels, and western blots were performed following the 

protocol described in Chapter 3, Section 3.2.5 with the following modifications. For SNAP gels, 

samples were treated with SNAP substrate 782 (#S9142) for 30 min before being loaded onto an 

SDS-PAGE gel to identify SNAP-tagged proteins. SNAP gels were imaged at 700nm/800nm to 

measure SNAP-APJ protein expression and Coomassie stained (#LC6060) to quantify and 
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normalize each data point to the total amount of protein per lane. Following reduction with 50 

mM dithiothreitol, the lysates of APJ and empty vector transfected cells were either boiled for 7 

minutes or left to incubate at room temperature for 15 minutes. This brought to our attention that 

GPCR samples must be left at room temperature, because boiling a GPCR product led to 

excessive aggregation that prevented protein separation on the gel. Primary antibodies underwent 

the following dilutions: 1:1000 dilution of rabbit anti-APJ antibody (Proteintech, #20341-1-AP), 

1:5000 dilution of rabbit anti-GAPDH antibody (Cell Signaling, #14C10), 1:333 dilution of 

rabbit anti-phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) antibody (Cell Signaling, #9101). 

4.2.6 GPCR stability, functionality, and cell viability assays 

GPCR stability was tested using a cycloheximide chase assay (10). Following the 24h 

transient transfection in HEK293T cells, the cells were treated with 50 µg/mL cycloheximide 

(#14126) for 0-6h and 24h. Cells were then collected, lysed, and incubated with the fluorescently 

tagged SNAP substrate 782, following the manufacturer’s protocol, to identify any intact APJ 

protein. Data points were expressed as percent band intensity per total protein as measured by 

Coomassie staining utilizing biological triplicates. APJ half-life was determined using a 

nonlinear regression one-phase exponential decay curve. 

The cAMP kit was purchased from Promega (#V1501). The HEK293T transfection was 

scaled down to utilize a 96-well white walled, clear bottom plate (#165306). For this experiment, 

cells underwent a 5-minute agonist/antagonist treatment with apelin and protamine sulfate before 

being subjected to a 15-minute forskolin treatment, after which the manufacturer’s cAMP assay 

protocol was followed. 

HCM viability was measured following the procedure described in Chapter 2, Section 

2.2.6. 
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4.2.7 Induction of hypertrophy 

Twenty-four hours after the SNAP-APJ or empty SNAP vector transfection, serum free 

media supplemented with apelin or controls replaced the existing media and a 2h pretreatment 

was initiated to prime APJ receptor recycling to the cell surface (11). After this, a 4 µM PMA 

treatment or a comparable vehicle control (0.025% DMSO) in serum free media was initiated, 

some supplemented with apelin treatment, and others left with just the PMA or vehicle treatment 

to serve as the no apelin control. The cells were then retreated 24h later with 2 µM PMA and 

their respective apelin or control supplementation, leading to a total 48h hypertrophy treatment 

with or without the apelins. The cells at this point were either utilized or harvested for further 

downstream analysis. 

4.2.8 Total RNA isolation, RT-qPCR, and mRNA-sequencing 

The total RNA isolation and RT-qPCR protocols were followed exactly as described in 

Chapter 2, Section 2.2.5. mRNA-sequencing was completed as described in Chapter 2, Section 

2.2.7. 

4.2.9 Bioinformatics and pathway analyses 

4.2.9.A Gene expression analysis and gene set enrichment analysis 

Gene expression analysis and GSEA protocols were run as described in Chapter 2, 

Sections 2.2.8.A and 2.2.8.B, respectively. For this chapter, in addition of the use of the hallmark 

and canonical pathway molecular signature database categories, we also investigated the Gene 

Ontology collection of gene sets.  
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4.2.9.B WebGestalt 

The WebGestalt analysis was completed as explained in Chapter 3, Section 3.2.7.D with 

one modification. These enrichment results were displayed using the weighted set cover, which 

finds the minimum subset of gene sets that can cover all the enriched gene sets and assign a 

corresponding P-value (12). 

4.3 Results 

4.3.1 Validation of stable and functional APJ overexpression 

Initially, the commercially available Origene® Myc-DDK-tagged APJ plasmid 

(#RC207576) was used to overexpress APJ, but further analysis determined that introducing this 

plasmid into HEK293T cells resulted in inactive and nonfunctional APJ. Following this 

discovery, we instead created an APJ plasmid by inserting the APJ ORF into a pSNAPf vector, 

which resulted in a SNAP-tagged APJ (SNAP-APJ). After transient transfection in HEK293T 

cells, lysates confirmed SNAP-APJ overexpression with a SNAP substrate gel (Figure 4.2A) as 

well as western blot analysis with an anti-APJ antibody (Figure 4.2B) confirming expression of 

both SNAP and APJ, respectively. 

To explore the stability of overexpressed APJ, we performed a cycloheximide chase 

degradation assay in transfected HEK293T cells to quantify the degradation half-life of APJ 

(Figure 4.3). The cycloheximide chase assay is widely recognized as a method to inhibit protein 

synthesis and determine protein half-life by visualizing intracellular protein degradation (10). 

This experiment confirms that APJ is stable and has a degradation half-life of 2.2h. 

The functionality of APJ in HEK293T cells was confirmed through the changes in 

activation of two different downstream signaling cascades following incubation with different 
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agonists. The schematic for APJ signaling can be found in Figure 1.7. APJ signaling is 

predominantly governed by a Gai subunit, meaning activation of APJ leads to a decrease in 

cAMP. As observed in Figure 4.4A, the baseline of intracellular cAMP content in APJ-HEK 

cells is higher than Empty-HEK cells, due to the overabundance of GPCRs resulting from APJ 

overexpression. When normalizing the cAMP content to untreated APJ-HEK cells though, we 

see the expected decline in cAMP levels with the addition of agonist AP-13 (Figure 4.4B). 

Another common avenue of downstream signaling activation is the phosphorylation of MAPK 

through APJ’s subunit Gaq, which is increased following a 15-minute incubation with pyr-AP-13 

(Figure 4.4C). The validation of APJ overexpression, stability, and functionality following 

transfection confirmed that this SNAP-APJ plasmid will be suitable for further experimentation. 

4.3.2 Overexpression of APJ in HCMs 

Although transfection conditions were optimized to achieve maximal APJ overexpression 

in HEK293T cells, these conditions proved too harsh in human ventricular cardiomyocytes so 

transfection conditions had to be reoptimized in HCMs. Following the new optimized protocol 

found in Section 4.2.4, with reduced lipofectamine concentrations and increased plasmid 

content, we observed increases in APJ protein expression (Figure 4.5A) and mRNA (Figure 

4.5B) in HCMs. Additionally, we analyzed how APJ overexpression in HCMs altered mRNA 

expression of apelin (Figure 4.5C). 

Furthermore, viability assays demonstrated that there was no change in cell survival 

following APJ overexpression (Figure 4.6). All viability assays were centered around the notion 

that we would eventually be conducting a 48h hypertrophy treatment with PMA, as validated in 

Chapter 3, Section 3.3.2. Based on preliminary data, we believed the most promising changes 

would be observed with a 2h apelin pretreatment to promote APJ receptor priming (11). We 
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decided to continue this apelin treatment along with the hypertrophy treatment and termed it a 

“rolling” apelin treatment. A schematic of this treatment regimen can be found in Figure 4.7 to 

assist in clarity. Before proceeding to the hypertrophy treatment, it was necessary to determine if 

the rolling apelin treatment alone alters viability. Notably, there was a significant increase in 

viability in both Empty- and APJ-HCMs treated with 500 nM pyr-AP-13 (Figure 4.6). 

4.3.3 PMA treatment in control cells and those expressing APJ 

 In control Empty-HCMs, PMA treatment resulted in a 60% decrease in viability, while 

APJ-HCMs demonstrated about a 70% reduction in cell viability, although this difference 

between experimental groups was not statistically significant (Figure 4.8A). In both Empty- and 

APJ-HCMs, 500 nM pyr-AP-13 treatment did not rescue viability, although in APJ-HCMs pyr-

AP-13 treatment just missed the significance cut off with a Pval = 0.06 when compared to the 

PMA treatment alone (Figure 4.8B). 

Our next step was to investigate how rolling apelin treatments with pyr-AP-13 and AP-17 

altered NPPB expression in HCMs treated with PMA. We used the expression of NPPB, the 

cardiac hypertrophy biomarker, to explore the severity of cardiac hypertrophy following the 

addition of the components of the AS, where a higher NPPB expression signified increased 

hypertrophy. We optimized apelin concentrations to maximize observed NPPB changes while 

better mimicking endogenous apelin concentrations. It is interesting to note that PMA treated 

cells that overexpressed APJ had lower NPPB values compared with control cells (Figure 4.9) 

even without apelin treatment. Additionally, in the absence of APJ, apelin treatment resulted in 

increased NPPB in the cells, but NPPB expression decreased when APJ and apelin were both 

present in the cells (Figure 4.9). 
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4.3.4 Cardiomyocyte transcriptome changes due to the addition of the AS 

components 

To begin, we wanted to determine how the different components of the AS (i.e. 

overexpressing APJ, or externally adding pyr-AP-13 or AP-17) alter the cardiomyocyte’s ability 

to maintain homeostasis at the transcriptome level. RNA was isolated from twelve different 

experimental groups (n=3 each) and sent to Novogene for mRNA-sequencing to tease out 

pathway perturbations due to changes in the AS components. In this section we will be focusing 

on 6 of these groups (Empty-HCMs and APJ-HCMs either untreated, treated with pyr-AP-13, or 

treated with AP-17) in order to assess the global effects of introducing components of the AS on 

the healthy cardiomyocyte transcriptome. We will introduce the samples treated with PMA in the 

next section. A DESeq2 analysis was applied to generate a preranked list of differentially 

expressed genes based on significance within the different datasets, and a PCA was performed to 

analyze variation between the Empty-HCM and APJ-HCM samples. The PCA analysis 

demonstrated clear separation between the experimental groups transfected with either empty 

SNAP vector or SNAP-APJ plasmid, but there was no clear separation observed between 

samples that were untreated vs those treated with either pyr-AP-13 or AP-17 (Figure 4.10). This 

finding suggests that there were minimal transcriptome variations due to the exogenous addition 

of both apelin isoforms compared to the no apelin controls. 

4.3.4.A APJ overexpression alters the healthy cardiomyocyte transcriptome 

Pathway analysis suggests that APJ overexpressing cells are undergoing resource 

overload due to excessive protein production. It is well known that there are many cellular 

consequences caused by overexpressing certain proteins, so we found it vital to analyze the 

changes observed due to APJ overexpression in control cells prior to analyzing AS linked 
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changes under hypertrophic conditions. The preranked DESeq2 analysis completed for the APJ-

HCMs compared to the Empty-HCMs was utilized in a GSEA, where genome wide perturbations 

based on APJ overexpression were mapped onto biologically relevant pathways. GSEA 

uncovered many changes suggestive of the HCMs transfected with APJ undergoing both 

resource overload and stoichiometric imbalance, observed through increases in energy 

metabolism and translation, and decreases in ECM organization (Figure 4.11). Due to this 

discovery, we ensured all further transcriptomic analyses controlled for APJ overexpression 

changes first before considering secondary changes due to hypertrophy induction or externally 

added apelin. 

4.3.4.B Apelin treatment modulation of the healthy myocyte transcriptome 

Cardiomyocyte treatment with pyr-AP-13 or AP-17 leads to activation of different 

pathways. Similarly to the analysis completed with APJ overexpressing HCMs, a GSEA was 

completed with the preranked DESeq2 analyses comparing untreated Empty-HCMs to Empty-

HCMs treated with either 250 nM pyr-AP-13 or 250 nM AP-17. Treatment with pyr-AP-13 

resulted in increases in pathways crucial for translation and decreases in pathways imperative to 

cholesterol biosynthesis and metabolism (Figure 4.12). Myocytes treated with AP-17 led to 

increases in pathways linked to cellular energy metabolism, mitochondrial translation, and the 

ribosome, and decreases in helicase activity and eicosanoid secretion (Figure 4.13). These 

findings are intriguing and suggest that pyr-AP-13 and AP-17 may play different roles in 

cardiomyocyte homeostasis even though they bind to the same receptor. 

4.3.5 AS components alter the cell’s response to hypertrophy 

Using the hypertrophy model validated in Chapter 3, Section 3.3.2, we investigated 

changes in the hypertrophy response following a 48h PMA treatment to induce cardiac 
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hypertrophy along with modulation of APJ expression in HCMs with exogenous addition of pyr-

AP-13 or AP-17. Here we introduce the final 6 experimental groups subjected to RNA-

sequencing: Empty-HCMs and APJ-HCMs either treated with PMA, AP-17 + PMA, or pyr-AP-

13 + PMA. A PCA plot with all of the samples, both vehicle treated (previously described), and 

PMA treated samples, demonstrated a distinct separation between vehicle and PMA treated 

samples, with less severe variation observed between Empty- and APJ-HCMs (Figure 4.14). As 

observed with the healthy cardiomyocytes, neither Empty-HCMs nor APJ-HCMs had large and 

distinct transcriptome changes due to treatment with the different apelin analogs. 

With PMA treatment alone, there were many observed changes in crucial pathways for 

cardiomyocyte homeostasis. Increases in pathways imperative to lipid metabolism, ferroptosis, 

glycosylation, and hypoxia were detected, as well as decreases in pathways important for 

calcium regulation, cellular energy metabolism, and the cell cycle (Figure 4.15). All of these 

pathway changes indicate that the cardiomyocytes are undergoing intracellular changes 

concurrent to those that occur during the onset of cardiac hypertrophy. A similar analysis was 

conducted in Chapter 3, Section 3.3.4 and described in Chapter 3, Section 3.4.2, but slightly 

different pathways were chosen to be highlighted in this chapter. 

To investigate the hypertrophy response changes due to addition of the different 

components of the AS, an interaction analysis known as a likelihood ratio test was necessary. An 

LRT analysis can tease out changes by controlling for two different exposures (one being a 

component of the AS, and the other being PMA treatment). In the following sections we will 

explore how the cellular response to hypertrophy changes due to increased APJ expression 

(4.3.5.A), the addition of exogenous pyr-AP-13 or AP-17 (4.3.5.B), or a combination of APJ 

overexpression and apelin treatment (4.3.5.C). 
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4.3.5.A Hypertrophic response changes due to APJ overexpression 

To analyze the changes in the cardiomyocyte hypertrophic response due to APJ 

overexpression, we controlled for both APJ overexpression changes and PMA treatment changes 

with our LRT analysis. This comparison identified 32 genes (FDR < 0.05) that changed 

significantly in the PMA response due to APJ overexpression. This gene list was analyzed 

through a WebGestalt over-representation analysis to transition from a gene list into biologically 

relevant functional pathways (12). These 32 genes mapped onto pathways that play roles in the 

metabolism and biosynthesis of lipids, translation, and the immune response (Figure 4.16), 

suggesting that APJ expression alters the PMA response potentially through these pathways. 

4.3.5.B Hypertrophic response changes due to the external addition of pyr-AP-13 or 

AP-17 

Apelin treatment caused minimal changes in the hypertrophic response in the absence of 

APJ overexpression. Two LRT analyses were completed to analyze apelin treatment changes in 

the hypertrophic response. In these LRT analyses, we controlled for the Empty-HCM PMA 

response both in the presence and absence of treatment with either pyr-AP-13 or AP-17. 

Intriguingly, without APJ overexpression, there was little changed in the cardiac hypertrophy 

response following PMA treatment. There were no identified gene changes following pyr-AP-13 

+ PMA treatment, and only 3 identified gene changes (FDR < 0.05) following AP-17 + PMA 

treatment compared to PMA treatment alone. The three genes changed due to the AP-17 PMA 

response are PLIN2 (perilipin 2), STC2 (stanniocalcin 2), and PTGS2 (prostaglandin-

endoperoxide synthase 2). 
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4.3.5.C Hypertrophic response changes due to both APJ overexpression and apelin 

treatment. 

Responses to AP-17 treatment in the presence of APJ exhibited alterations in the 

hypertrophic response when compared to the AP-17 hypertrophic response without APJ 

expression. In the presence of APJ overexpression, there were no differences in the hypertrophic 

response with pyr-AP-13 + PMA treatment, but there were 160 genes identified as being 

different following the AP-17 + PMA treatment. These LRT analyses indirectly controlled for 

APJ overexpression changes by analyzing gene changes in the PMA response compared to the 

vehicle treatment in APJ-HCMs. Additionally, these LRT analyses controlled for the apelin + 

PMA response compared to the apelin + vehicle response in the APJ-HCMs. Notably, the genes 

identified as being altered due to AP-17 + PMA treatment in the APJ-HCMs were consistent with 

changes in pathways responsible for the cell cycle, immune response, ECM organization, insulin 

regulation, and other cellular changes (Figure 4.17). The fact that changes with PMA and AP-17 

treatment were significant only in the presence of APJ overexpression, suggests that AP-17 plays 

a larger role in the cardiac hypertrophy response when there is an abundance of APJ present in 

the cells, as opposed to cells with very low or nonexistent APJ expression. 

When considering the addition of two AS components: APJ expression and apelin 

treatment, there are changes in the hypertrophic response due to AP-17 treatment, but not pyr-

AP-13 treatment. LRT analyses were completed, controlling for APJ overexpression, and PMA + 

apelin treatment. These analyses identified genes changed due to apelin treatment and APJ 

expression. Interestingly, there were no observed changes due to pyr-AP-13 treatment in addition 

to APJ expression, but there were 32 genes identified as being altered due to AP-17 treatment 
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and APJ expression. These genes mapped onto just two significant pathway changes: the 

metabolism of amino acids and serine glycine biosynthesis (Figure 4.18). 

4.4 Discussion 

4.4.1 Summary of results 

In this study, we investigated the consequences of increasing expression levels of APJ or 

availability of different apelin isoforms and further explored how these changes altered the 

hypertrophic response. The key finding in this study is that the components of the AS play 

different roles in the heart and contribute to changes in different downstream pathways following 

the induction of hypertrophy. In this discussion section, we will start by presenting the 

development and validation of a SNAP-APJ plasmid. We will then discuss the remainder of the 

results based on the cardiomyocyte’s altered response to hypertrophy due to an increase in APJ 

expression, exogenous apelin treatment, or both. 

4.4.2 SNAP-APJ plasmid leads to overexpression of stable and active APJ 

Initially, we began by creating a plasmid that resulted in stable and functional APJ 

overexpression in HEK293T cells. As the C-terminal tail of a GPCR is crucial for downstream 

signaling (13), we ligated a SNAP-tag to the N-terminal domain of APJ. Transfection with the 

SNAP-APJ led to increases in both SNAP and APJ protein expression in HEK293T cells (Figure 

4.2). A cycloheximide chase assay demonstrated APJ’s membrane stability (Figure 4.3), and 

suggested APJ had a relatively long degradation half-life compared to other GPCRs, although not 

much is known about GPCR degradation (10). 

Additionally, we used two methods in HEK293T cells, a cAMP assay and quantification 

of MAPK phosphorylation to test if the overexpressed APJ was functional. Signaling through 
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APJ triggers different downstream effects, mediated by the attached Ga subunits (14). The 

predominant Ga subunit is Gai, indicating that APJ activation leads to an inhibitory effect on 

cAMP production. As APJ signaling is complex and convoluted, we examined both multiple time 

points and multiple agonist concentrations to attempt to pinpoint the most optimal conditions to 

observe functional changes initiated by APJ activation. Another intricate response of APJ that 

needs to be taken into consideration when conducting these experiments is that APJ is prone to 

agonist-induced internalization, which can lead to recycling of the receptor back to the cell 

surface or receptor degradation by lysosomes (11). As expected, we did observe a decrease in 

forskolin induced cAMP production following a 5-minute incubation with agonist AP-13 (Figure 

4.4B). Intriguingly though, the dose-dependent inhibition was opposite of what was expected, 

where the lowest concentration of AP-13 led to the highest degree of inhibition of cAMP 

production. This may be due to many contributing factors, but our current hypothesis is that with 

the higher concentrations of AP-13, we are eliciting increased receptor internalization, which 

desensitizes the system to further activation (15).  

APJ is also coupled with a Gaq subunit, where activation by an agonist leads to MAPK 

phosphorylation (14), which was observed following a 15-minute stimulation with pyr-AP-13 

(Figure 4.4C). Taken together, this data suggests that the SNAP-APJ plasmid leads to an active 

and functional receptor that can be utilized for further experimentation. Since we characterized 

the SNAP-APJ plasmid in HEK293T cells due to their ease of use and successful history of 

GPCR characterization (9), conditions had to be reoptimized to maximize the response from the 

AS with agonist treatment in HCMs as well, but these optimizations will be discussed further in 

their respective AS section. 
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4.4.3 Cardiomyocyte changes in the transcriptome due to APJ overexpression 

Transfection in HCMs led to an observed increase in APJ protein and mRNA expression, 

as well as a significant decrease in apelin mRNA expression (the gene that encodes the 77 amino 

acid preproapelin isoform) (Figure 4.5). It is worth noting that although the apelin mRNA 

expression is decreased, we are unsure how this affects the different apelin isoform 

concentrations. Due to the complexities of APJ regulation and signaling we are hesitant to 

speculate on why this could be the case. With APJ overexpression alone no changes in cell 

viability were observed following vehicle treatment (Figure 4.6). Interestingly, with PMA 

treatment alone, APJ-HCM viability decreased slightly compared to Empty-HCMs, but this did 

not reach the threshold for significance (Figure 4.8). With PMA treatment however, there is less 

observed NPPB in APJ-HCMs (Figure 4.9). Taken together, this data suggests that APJ alone 

may be protective against the development of hypertrophy, but more work is needed to fully 

understand these cellular responses. 

Transcriptome changes due to APJ overexpression is indicative of excessive protein 

production. Overexpressing proteins can lead to cellular changes and toxicity due to resource 

overload, stoichiometric imbalance, promiscuous interactions, and pathway modulation (16). 

This is a limitation in our study, but since the HCMs do not endogenously express APJ at very 

high levels, we are not able to silence the expression of APJ to investigate changes in the cell 

response. With the overexpression of APJ alone, some of the pathway changes are suggestive of 

resource overload within the HCMs (Figure 4.11). Observed increases in pathways critical to 

translation, energy metabolism, translocation machineries, and post translational modifications, 

as well as decreases in the ECM organization are all characteristic changes instigated by the 

overproduction of proteins (16,17). Additionally, we observed overall dysregulations in cell 
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growth and a decline in Gas signaling. Since APJ is a GPCR this could indicate stoichiometric 

imbalance due to reallocation of Ga protein subunits within the cells due to the overexpression 

of APJ. Interestingly though, we did note a decrease in pathways that play a role in 

cardiomyopathy and cholesterol metabolism, which cannot be explained through the 

overexpression of proteins as a whole and may be a result of the overexpression of APJ. To 

minimize overexpression bias while investigating the mechanistic consequences of APJ 

overexpression, we chose to control for APJ overexpression in all further transcriptomic 

analyses. 

An LRT test identified 32 genes altered in the hypertrophic response due to APJ 

overexpression alone. This analysis controlled for both APJ overexpression and the PMA 

response, teasing out changes in lipid metabolism and biosynthesis, translation, cholecystokinin 

(CCK) signaling, and interleukin-10 signaling (Figure 4.16). Experimental evidence has shown 

that both CCK and interleukin-10 levels may be correlated with heart failure and could serve as 

potential biomarkers (18–20). Additionally, it is common for cardiomyocytes to undergo 

metabolic switching during the development of cardiac hypertrophy, where hypertrophied hearts 

rely more on glucose for energy production than fatty acids (21), and translation is a common 

dysregulation when it comes to cardiac hypertrophy (22). Taken together, these changes suggest 

that APJ plays a crucial role in critical pathways that are thought to be altered in hypertrophy. 

The directionality of these changes cannot be determined through this analysis, but these results 

highlight some important pathways that have biomarker potential in distinguishing healthy hearts 

from diseased hearts, thus warranting further investigation to elucidate the specific role the 

apelin receptor plays without increasing the ligand. 
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4.4.4 Changes in cardiomyocyte responses due to apelin treatment 

Preceding hypertrophy treatment, many apelin pretreatments were attempted to elicit the 

largest change in response through AS activation. Pope et al., demonstrated that 2h following 

pyr-AP-13 pretreatment, the proportion of APJ on the cell surface was significantly higher than 

in control cells, suggesting specific compartmentalization of APJ on the cell surface (11). Based 

on this theory and our preliminary results, we decided to use a “rolling” treatment for further 

testing. Here we dosed the HCMs with either pyr-AP-13, AP-17, or controls for 2h in order to 

prime APJ back to the cell surface following receptor activation and internalization with the 

apelin isoforms. Then the HCMs were re-dosed with their respective apelin treatments in 

addition to PMA, or vehicle controls, and analyzed for changes. 

Viability was significantly increased following vehicle + pyr-AP-13 treatment in both 

Empty-HCMs and APJ-HCMs (Figure 4.6), while pyr-AP-13 + PMA treatment did not alter the 

cardiomyocyte’s viability in either Empty-HCMs or APJ-HCMs (Figure 4.8). NPPB expression 

levels suggested that with the rolling treatment of either pyr-AP-13 and AP-17, Empty-HCMs 

had an increased amount of hypertrophy, although only pyr-AP-13 was statistically significant 

(Figure 4.9). These results suggest that for apelin to elicit protective effects against cardiac 

disease, APJ expression levels are crucial and treatment with apelin alone has no protective effect 

in the absence of the receptor. This confirms that the signaling properties of apelin mostly occur 

through APJ and not by binding to another receptor. 

Pyr-AP-13 and AP-17 treatment influence activation of different pathways within control 

cardiomyocytes. Following the vehicle + apelin treatments in Empty-HCMs, we observed 

differing cellular responses with pyr-AP-13 and AP-17. Pyr-AP-13 treatment led to alterations in 

two large biological modules encompassing pathways imperative to increased translation and 
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decreased cholesterol biosynthesis and metabolism (Figure 4.12). There is considerable 

literature evidence to suggest that apelin and cholesterol-LDL levels are inversely related 

(23,24), so these findings are supportive of increased apelin content leading to a decline in 

pathways responsible for cholesterol biosynthesis. On the other hand, there were distinct changes 

observed following AP-17 treatment. Four biological modules were identified with AP-17 

treatment in Empty-HCMs: increased cellular energy metabolism and mitochondrial translation, 

and decreased helicase activity and eicosanoid signaling (Figure 4.13). The effects of AP-17 

signaling are not as well understood, but it is interesting to note that the cellular responses from 

both apelin isoforms are distinct from each other. These results suggest that both apelin isoforms 

lead to increased translation within the cells, but each apelin isoform may play different roles 

through their impact on different lipid species. How these changes in cellular response apply to 

other cell types such as liver or kidney requires investigation. 

There were minimal changes in the hypertrophic response due to apelin treatment in the 

absence of APJ overexpression. An LRT analysis exploring the hypertrophic response changes 

due to pyr-AP-13 treatment in Empty-HCMs, returned zero genes, while an LRT analysis 

exploring the AP-17 hypertrophic response identified three unique genes: PLIN2, STC2, and 

PTGS2. These genes encode for the proteins perilipin 2, stanniocalcin 2, and prostaglandin-

endoperoxide synthase 2. These proteins help increase lipid storage by promoting the formation 

of lipid droplets (25), regulate calcium and phosphate transport and homeostasis (26), and 

mediate the biosynthesis of prostaglandins (27), respectively. 
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4.4.5 Cardiomyocyte changes due to both APJ overexpression and exogenous 

apelin treatment 

Viability changes due to apelin treatments are different in the presence of APJ 

overexpression, only when the cardiomyocytes are undergoing hypertrophy. There is a 

significant increase in viability in APJ-HCMs treated with pyr-AP-13 compared to controls, but 

there is no change in viability between Empty-HCMs and APJ-HCMs treated with pyr-AP-13 

(Figure 4.6). There are, however, small changes in viability in pyr-AP-13 + PMA treated APJ-

HCMs compared to PMA treatment alone in APJ-HCMs, although this finding just misses the 

significance cut off with a Pval of 0.06 (Figure 4.8). Additionally, with PMA treatment, there is 

an observed decrease in NPPB expression with APJ expression and either pyr-AP-13 + or AP-17 

treatment (Figure 4.9). Taken together, these results suggest that perhaps both APJ and apelin 

must be present in order to protect against PMA induced hypertrophy, and the corresponding 

heart failure disease progression. 

LRT analyses were also completed to address how apelin treatment alters the 

hypertrophic response in the presence of APJ. These analyses controlled for APJ expression 

indirectly, by comparing the PMA and vehicle response in APJ-HCMs. Similarly to the lack of 

response with pyr-AP-13 + PMA treatment, there were no genes identified as being altered in the 

hypertrophic response in APJ-HCMs, but there were 160 unique gene responses with the AP-17 

+ PMA treatment in APJ-HCMs (Figure 4.17). These genes mapped onto many different 

pathway changes including the cell cycle, immune response, and ECM organization, all of which 

are characteristic changes observed during the onset of cardiovascular disease (28–30). AP-17-

APJ also mediated changes in the hypertrophic response due to insulin regulation and again, 

prostaglandin synthesis. Changes were also observed in the transcription factors CREB and 
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NRF-2. CREB1 (cAMP response element binding protein 1) is a transcription factor that is 

activated by PKA phosphorylation and is thought to play an important role in cardiovascular 

remodeling (31). Additionally, the KEAP1-NFE2L2 pathway is widely recognized as being 

cardioprotective due to its entanglement with NRF2-target genes leading to the promotion of 

antioxidant responses as well as the suppression of pro-inflammatory proteins (32). All these 

changes suggest that AP-17-APJ may play a role in crucial cardiomyocyte responses that 

influence hypertrophy progression. Unfortunately, directionality is not distinguishable through 

this analysis, but these results support that AP-17 and APJ play critical roles in cardiac 

hypertrophy progression, and these interactions should be further explored. The fact that the 

PMA response with AP-17 treatment is drastically different in the presence or absence of APJ 

expression suggests that there are crucial AP-17-APJ cellular responses that occur in the 

development of cardiac hypertrophy, but how these responses could be exploited in future 

therapies is a topic that requires further experimentation. 

Finally, while running an LRT analysis to directly compare the two components of the 

AS: APJ expression and apelin addition, we identified changes in the hypertrophic response due 

to AP-17 + PMA treatment, but no changes were observed with pyr-AP-13 + PMA treatment. 32 

genes were identified as being altered due to the role of both AP-17 and APJ in the hypertrophic 

response. These changes mapped onto only two pathways: amino acid metabolism and serine 

glycine biosynthesis (Figure 4.18). Interestingly, activating the serine biosynthesis pathway may 

serve as a treatment strategy for cardiomyopathy (33), suggesting again that the AP-17-APJ axis 

may serve as a regulator for CVD development. The consistent lack of change with pyr-AP-13 

treatment leads us to believe that there are better ways to elicit an APJ response with pyr-AP-13 
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treatment instead of utilizing a rolling pyr-AP-13 + PMA treatment. Future work should focus on 

optimizing this response. 

4.5 Conclusions 

The AS plays an important role by mediating physiological responses within the 

cardiovascular system. Overexpression of APJ in cardiomyocytes altered the stress response of 

the cells, suggesting that increased APJ expression may protect against the progression of cardiac 

hypertrophy. Additionally, apelin treatment in control cells elicited different pathway changes 

depending on the apelin isoform. Pyr-AP-13 treatment decreased cholesterol biosynthesis, while 

treatment with AP-17 decreased eicosanoid signaling, suggesting that although both apelins work 

through APJ signaling, the isoforms may play different roles in lipid homeostasis and overall cell 

homeostasis. Analysis with both APJ and apelin treatment suggested that both elements of the AS 

must be present for apelin to elicit a change in the hypertrophic response. With both APJ 

expression and AP-17 treatment, there were changes in many crucial pathways for 

cardiomyocyte health, suggesting the AP-17-APJ axis may serve as a future target for CVD 

therapies. 

To facilitate the development of apelin analogs that can bind to different regions on the 

receptor and elicit distinct signaling cascades, it is necessary to develop a reliable method to test 

for APJ binding. Chapter 5 will discuss a potential solution to easily screen for APJ receptor 

binding to facilitate future development of APJ agonists that can have a positive impact on 

cardiovascular disease especially when conventional therapies are unsuccessful.  
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Figures 

 

Figure 4.1. RNA sequencing shows increased APJ expression in diseased hearts. 

APLNR (gene name for APJ) expression in human heart tissue in control subjects 

(n=14) or patients diagnosed with cardiomyopathy (CM) (n=18). **** P < 0.0001  
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Figure 4.2. SNAP-APJ overexpression in HEK293T cells. 

(A) SDS-PAGE gel with a SNAP substrate demonstrating that samples have the SNAP 

tag and (B) western blot with an anti-APJ antibody confirming cells are expressing APJ. 

SNAP-APJ can be found at ~62 kDa, while untagged APJ has a molecular weight of 

~43 kDa. (Empty/E) – empty SNAP vector (B) – Boiled, (NB) – Not boiled  
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Figure 4.3. Cycloheximide chase assay of SNAP-APJ in HEK293T cells. 

(A) Representative image of gel displaying SNAP-APJ protein levels in lysates at 

varying time points of cycloheximide treatment in HEK293T cells overexpressing APJ. 

(B) Degradation kinetics of APJ demonstrate that APJ degrades following second-order 

kinetics and has a degradation t1/2 of 2.2h, n=3.  



 

 

117 

 

Figure 4.4. APJ functional assays. 

(A) cAMP assay measured in relative light units (RLU). Following a 5 min incubation 

with antagonist protamine sulfate (PS) or agonist apelin-13 (AP-13), cAMP production 

was induced with 10 µM forskolin. Positive RLU values indicate more intracellular 

cAMP content than control cells. Data is normalized to the untreated Empty-HEK cells, 

n=3. (B) Data is normalized to the untreated APJ-HEK cells, n=3. (C) MAPK 

phosphorylation increases following 15 min stimulation with pyr-AP-13, technical 

replicates n=3.  
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Figure 4.5. SNAP-APJ overexpression in immortalized human cardiomyocytes. 

(A) Western blot analysis with an anti-APJ and an anti-GAPDH antibody. SNAP-APJ is 

at ~62 kDa, while the GAPDH band serves as a loading control and migrates at ~37 

kDa. (B) APLNR (gene name for APJ) and (C) APLN (gene name for apelin) 

normalized gene expression from RNA-sequencing data in transfected HCMs. *** P < 

0.001, * P < 0.05  
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Figure 4.6. Viability assay following addition of the AS components. 

Empty- and APJ-HCMs were treated with 500 nM pyr-AP-13 for 50h to assess viability 

changes. Data was normalized to the untreated Empty-HCM samples. ** P < 0.01  
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Figure 4.7. Apelinergic system hypertrophy treatment regimen. 

HCMs were transfected with either Empty-SNAP or SNAP-APJ plasmids and left for 

24h. Cells then underwent a 2h pretreatment with pyr-AP-13, AP-17, or a SF (serum 

free) media control to prime APJ back to the cell surface following agonist-induced 

internalization. At this point the hypertrophy treatment was initiated with a 4 µM PMA 

treatment in the presence of the respective apelin treatment or controls; this is termed a 

“rolling” apelin treatment. Twenty-four hours into this treatment, the HCMs were re-

dosed with 2 µM PMA and the respective apelin or vehicle.  
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Figure 4.8. HCM viability following a 48h treatment with PMA. 

HCM viability following PMA treatment in the (A) absence and (B) presence of a 

rolling pyr-AP-13 treatment. Data normalized to vehicle Empty-HCM samples. *** P < 

0.001, ** P < 0.01  
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Figure 4.9. RT-qPCR analysis of NPPB following PMA treatment in the absence 

and presence of apelin in both Empty- and APJ-HCMs. 

All counts were normalized to the housekeeping gene, GUSB, and fold change was 

determined through comparison of each respective vehicle control treatment. *** P < 

0.001, ** P < 0.01  
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Figure 4.10. PCA plot displaying separation between Empty- and APJ-HCMs. 

There were no distinct groupings observed following treatment with AP-17 or pyr-AP-

13 in Empty- or APJ-HCMs.  
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Figure 4.11. Volcano plot representing the major pathway changes due to APJ 

overexpression. 

ECM – extracellular matrix, OXPHOS – oxidative phosphorylation, PTMs – post 

translational modifications  



 

 

125 

 

Figure 4.12. Network based summary of GSEA results due to 250 nM pyr-AP-13 

treatment in Empty-HCMs. 

Identified pathway changes (FDR < 0.05) were bundled into biological modules 

following a 50h treatment with 250 nM pyr-AP-13. Red spheres correspond to an 

upregulated gene set, while blue spheres represent downregulated gene sets. The 

spheres are connected if the gene sets contain over 50% overlap among their member 

genes.  
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Figure 4.13. Network based summary of GSEA results due to 250 nM AP-17 

treatment in Empty-HCMs. 

Biological modules were constructed out of identified pathways changes (FDR < 0.05) 

following a 50h treatment with 250 nM AP-17. Red and blue spheres correspond to 

upregulated and downregulated gene sets, respectively. Connectivity between the 

spheres is observed if the gene sets contain over 50% overlap among their member 

genes.  



 

 

127 

 

Figure 4.14. PCA plot with all RNA sequencing samples. 

There is clear separation between vehicle and PMA treated samples, with less observed 

variation between the experimental groups transfected with Empty vector vs APJ. VEH 

– vehicle  
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Figure 4.15. Volcano plot demonstrating respective pathway changes following 

PMA treatment compared to controls. 

OXPHOS – oxidative phosphorylation  
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Figure 4.16. Pathways changes in the hypertrophic response due to APJ 

overexpression. 

WebGestalt analysis that turns the observed DEGs identified with the LRT analysis 

controlling for PMA treatment and APJ overexpression into biologically relevant 

pathways. CCKR – cholecystokinin receptor  
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Figure 4.17. WebGestalt analysis identifying pathway changes due to AP-17 + 

PMA treatment in APJ expressing HCMs compared to the APJ-HCM PMA 

response alone.  
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Figure 4.18. WebGestalt analysis identifying hypertrophy pathway changes due to 

both APJ overexpression and AP-17 treatment.  
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Chapter 5:    Developing a Method to Screen Compounds Against GPCR Targets 

5.1 Introduction 

5.1.1 The challenges of targeting GPCRs in drug discovery 

G protein-coupled receptors are a privileged protein class with an extensive history of 

successful therapeutics approved modulating their activity despite their inherent challenges as a 

druggable target. In fact, approximately 30 – 40% of all approved small molecule drugs target 

just 165 of the 800 potential GPCRs encoded in the human genome (1,2). Of these 800 GPCRs, 

half are non-therapeutic olfactory receptors (3,4). Subtracting the 165 GPCRs with existing 

therapeutics leaves ~ 200 potentially druggable GPCRs without an existing drug treatment 

option, highlighting the immense potential that drugging novel GPCRs still holds. With the 

depletion of rational-design and natural-product inspired therapeutics, GPCR drug discovery is 

left with an unexplored and difficult path towards novel therapeutic compounds (5–7). As 

membrane-bound receptors, GPCRs present challenges in drug discovery due to issues with the 

measurement of activity, expression, and proper folding. As the field of drug discovery evolves 

and the need to explore novel GPCR therapeutics increases, capabilities in drug discovery need 

to be expanded to meet this rising need. 

Common approaches to GPCR drug discovery navigate around issues with activity 

measurement and proper protein expression and folding. Each of these approaches are met with 

hurdles and researchers frequently make experimental sacrifices to achieve results by running 

low-throughput screens or introducing non-physiological receptor mutations to increase GPCR 

stability outside of its native environment. The most traditional approach to identify compounds 

targeting GPCRs are cellular activity assays, which directly measure downstream signaling 
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markers and inform on compound agonism and antagonism. This type of testing is the most 

informative but is labor intensive and cannot be performed at exceptionally high-throughput 

levels. Additionally, when examining GPCR activity, results can be convoluted as there is no 

“one-size fits all” assay that reports on all GPCRs’ activation. GPCRs are heterotrimeric G 

proteins composed of three distinct subunits (a, b, and g) that are functionally classified 

depending on their associated Ga subunit; of which there are four families, each family leading 

to the activation of a distinct signaling pathway (8). To make matters more complex, many 

GPCRs are associated with multiple Ga subunit families, meaning that activation with two 

different agonists on the same GPCR may lead to two very different physiological responses, and 

two very different results via activity measurement. It is also important to note that following 

agonist activation of a GPCR, GDP bound to Ga on the intracellular side is exchanged with GTP, 

leading to dissociation of the Ga subunit from the membrane-bound Gbg dimer, thus generating 

two functional units that can signal to various cellular pathways (8,9). Taken together, while 

assessing the functional impact of compound-GPCR engagement is important and informative, 

the labor required for this type of experimentation introduces variation that makes screening 

large numbers of compounds and ranking them difficult. 

More modern drug discovery approaches focus on identifying compound-GPCR 

interactions, but these methods rely on soluble and properly folded protein. Protein-ligand 

interaction assays like radioligand studies, use recombinant protein to identify compounds that 

target GPCRs. This type of experimentation removes the complex signaling component of GPCR 

activation yet introduces the separate challenge of expressing and purifying the GPCR target 

protein. There is no universal strategy for recombinant expression of functional GPCRs, so 

optimization is unique to each protein. Different expression systems, such as bacteria, insect 
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cells, yeast, and mammalian cells have been utilized over the past few decades, with growing 

interest in the use of mammalian cell lines due to less post-translational modifications and a 

higher percentage of functional, membrane-inserted GPCRs (10–13). Purifying functional 

recombinant GPCRs away from their native bilayer can be divided into two processes – 

extraction of the GPCR from the membrane and purification. Experimental conditions must be 

optimized to maintain the active state of the GPCR. In most cases, different detergents are used, 

with mild non-ionic surfactants supplemented with stabilizing agents traditionally being the most 

successful (11,12). Unfortunately, many GPCRs are still not stable when in a detergent solution 

due to their structural flexibility and multiple differing conformational states (11). The need to 

keep the GPCR in its correctly folded state limits how aggressive purification can be; hence a 

simple column protein purification likely will not yield desirable protein, as the GPCR will most 

likely unfold. While protein-ligand interaction assays facilitate more direct measurement of 

ligand interaction and even high-throughput screening (HTS), expression and purification of 

properly folded GPCRs remains an incredibly high barrier of entry for these assays and has 

prevented active study of many of the under investigated GPCRs. 

The inherent variability and difficulty in assays used for studying GPCR activity, 

juxtaposed with the need for properly folded purified recombinant protein in ligand interaction 

studies, underscores why GPCRs are notoriously difficult targets for conventional drug discovery 

approaches. These challenges necessitate innovative assay designs and screening strategies that 

can accommodate the unique structural and functional demands of GPCRs. 



 

 

138 

5.1.2 The theory behind the utilization of virus-like particles as a GPCR screening 

model 

Virus-like particles (VLPs) have recently gained attention for their use as a vaccination 

modality to deliver antigens efficiently, but the application of VLPs has expanded over the years 

with extensive efforts focused on using VLPs for different functions in medicine such as gene 

therapy and diagnostics (14). VLPs are virus-derived structures made up of multiple subunits 

with the ability to self-assemble (15,16). VLPs maintain the correct form and size of a virus, 

while lacking the genetic material required to replicate and infect a host cell (16). HIV-1 virus 

assembly and release is driven by the viral Gag protein (17). The Gag protein oligomerizes into a 

spherical protein shell that ultimately results in budding and release from the cell surface, using 

the plasma membrane as a lipid envelope (17,18). Since the Gag protein utilizes the plasma 

membrane as a vesicular wrapper, we hypothesized that co-overexpression of a GPCR on the 

plasma membrane in addition to the Gag polyprotein would result in correctly folded GPCR that 

could be used for drug screening purposes (Figure 5.1) and bypass all the issues associated with 

separating the GPCR from its native bilayer. 

VLPs are not completely novel in the GPCR space. In 2016, Ho et al. utilized VLPs to 

screen hundreds of GPCR protein variants to select the ideal construct for increased protein yield 

and stability (19). Additionally, the use of VLPs in isolating target GPCR-specific antibodies has 

increased due to the fact VLPs are more stable to handle than intact GPCR-expressing cells (20). 

Based on the previous work accomplished with VLPs, we believe a reliable method can be 

developed to utilize VLP formation to capture GPCRs in their native state without the traditional 

requirements for protein modifications or extreme buffer conditions. Though the VLPs do not 

contain the necessary cellular machinery to execute functional analyses, VLPs present an easy 
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and low-barrier access point to produce properly folded GPCRs while satisfying the standard 

buffer requirements for many protein-ligand assays. 

Affinity selection mass spectrometry has become an indispensable technique in the high-

throughput drug discovery process and has evolved to accommodate a broad range of modalities 

and protein targets. The ASMS workflow is characterized by several key steps designed to 

precisely identify compounds that exhibit specific interactions with the protein target of interest. 

The assay workflow begins with the incubation of a target protein with a library of compounds, 

optimized to promote specific interactions between the protein of interest and potential ligands. 

This is followed by a wash step to remove compounds that do not interact with the target protein, 

leaving only ligands that have formed specific binding interactions with the protein of interest. 

The remaining compounds are then collected, and mass spectrometry analysis is used to assign 

their identities (Figure 5.2). 

While ASMS has seen a recent expansion of applications and methodologies, ASMS in 

terms of GPCR screening remains largely unexplored due to proper protein folding difficulties. 

Additionally, the need for buffer conditions to mimic the GPCR native environment is 

incompatible with mass spectrometry detection methods (21–24). Utilizing VLPs eliminates both 

problems, providing properly folded protein in a simple buffer condition. 

We selected the GPCR, APJ, for our initial studies because of our interest in the signaling 

and cardioprotective properties of the AS (described in detail in Chapter 1, Section 1.4.1 and 

further explored in Chapter 4). APJ is a difficult target that is currently being explored in terms 

of drug design due to its therapeutic potential. APJ represents all the promise but also all the 

problems associated with GPCRs. APJ and its endogenous ligands represent an incredibly 

important physiological signaling system imperative to cardiovascular homeostasis, yet it has no 
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approved drug to date. APJ is difficult to study in terms of functional screening and without 

mutations, it cannot be reliably extracted from the cell membrane without altering protein folding 

(25,26). This makes APJ a great test GPCR to study for our uses. Additionally, we included the 

adenosine A2a receptor (ADORA2A) as it is a well-studied GPCR that can be utilized as a 

control and benchmark for other techniques. In terms of GPCRs, ADORA2A represents a 

validated drug target that is better understood and more tractable. The two GPCRs, APJ and 

ADORA2A, provide divergent yet easily accessible test cases for experimental evaluation. 

The structural and functional complexity of GPCRs present significant challenges which 

necessitate innovative approaches like ASMS to increase the speed of developing drugs that 

target GPCRs. In this work, we hypothesized that VLPs represent a portable and tunable system 

for maintaining GPCR structural stability and folding and can be utilized in conjunction with 

ASMS-based HTS for determining target engagement with GPCRs. The generation of GPCR-

VLPs avoids the complexities that come with having to purify GPCRs from their native bilayer 

and expands the current capabilities of ASMS with correctly folded GPCRs in simple buffer 

systems. 

5.1.3 Research strategy 

In this chapter, we discuss the development of a reliable and reproducible method for 

generating and purifying GPCR-VLPs in HEK293T cells. We chose these cells because they are 

easy to use and typically lead to large yields of recombinant proteins. We demonstrate ligand 

specificity and selectivity with two different GPCR systems, APJ and ADORA2A, utilized as test 

and reference GPCR systems, respectively. Before using a GPCR-VLP platform we attempted to 

purify and maintain correctly folded APJ through removal from the native bilayer. Appendix I 

expands on the various techniques attempted to extract APJ in its native folded state. 
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Additionally, this appendix goes into detail about some of the important lessons learned from 

VLP purification attempts as well as important experiments that helped shape the ASMS binding 

assay protocol. We will begin this chapter by discussing the generation and purification of GPCR 

containing VLPs as well as confirm that purified samples contain vesicles of the correct size and 

morphology as native VLPs. We will then show evidence of VLP formation with electron 

microscopy micrographs. This chapter is concluded by discussing experiments performed to 

demonstrate positive control binding enrichment utilizing both simple and complex experimental 

conditions. We believe GPCR-VLP generation is a first step to developing a universal system to 

screen peptides or small molecules against GPCRs. In terms of APJ screening, we believe this 

method will allow for the screening of compounds with desirable drug-like properties, including 

a longer half-life and stability, compared to APJ’s endogenous ligands, apelin and elabela. 

5.2 Materials and Methods 

5.2.1 Materials 

HEK293T cells and DMEM media were purchased through ATCC (Manassas, VA). The 

APJ plasmid was obtained from Origene (Rockville, MD), while the ORF of ADORA2A was 

purchased from Twist Bioscience (South San Francisco, CA). The pSNAPf vector, SNAP 

substrate, and SNAP-Capture Magnetic Beads were obtained from New England Biolabs 

(Ipswich, MA). The HIV-1 Gag-mCherry plasmid was purchased from Addgene (Watertown, 

MA). Stellar competent cells and the In-Fusion HD Cloning Kit were obtained from Takara Bio 

(San Jose, CA), while the HiSpeed Plasmid Maxi Kit was purchased from QIAGEN 

(Germantown, MD). Eurofins Genomics (Seattle, WA) validated all plasmid sequences. FBS, 

Opti-MEM media, lipofectamine 3000, PBS, formaldehyde, dithiothreitol, XCell SureLock 

Mini-Cell Electrophoresis system, PageRuler Plus Prestained Protein Ladder, NuPAGE 4-12% 
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Bis-Tris gels, MOPS SDS Running Buffer, SimplyBlue SafeStain, iBlot Transfer System, 

nitrocellulose transfer stacks, Tween 20, and salt guanidine hydrochloride were all purchased 

from Thermo Fisher Scientific (Waltham, MA). Heparin was obtained from TRC (Manchester, 

NH). An APJ antibody was purchased through Proteintech (Rosemont, IL), while the secondary 

antibody was bought from LI-COR (Lincoln, NE). The small volume protein assay was 

purchased from Bio-Rad Laboratories (Hercules, CA). Pyroglutamyl-apelin-13 and adenosine 

were purchased from Cayman Chemical (Ann Arbor, MI). Columns were obtained from Waters 

(Columbus, MS). Bovine serum albumin (BSA) and peptide synthesis solvents were purchased 

from Sigma Aldrich (Burlington, MA). Chromatography solvents were obtained from Fisher 

Scientific (Hampton, NH). Quantfoil R 2/2 300-mesh copper grids, carbon support film 200-

mesh copper grids, Whatman filter paper, and Dumont Tweezers were purchased from Electron 

Microscopy Sciences (Hatfield, PA). Nano-W dye was purchased from Nanoprobes (Yaphank, 

NY). 

5.2.2 Development and purification of SNAP-GPCR plasmids 

The development of the SNAP-APJ was described in detail in Chapter 4, Section 4.2.3. 

The ORF of ADORA2A was ordered and subcloned into the pSNAPf vector using the same 

method. The HIV-1 Gag-mCherry plasmid was purchased through Addgene (Plasmid # 85390) 

(27). All plasmids were transformed into Stellar competent cells (#636766) and purified using 

QIAGEN’s HiSpeed Plasmid Maxi Kit (#12662) following the manufacturer’s protocol. All 

plasmid sequences were validated though Eurofins Genomics (Seattle, WA). 

5.2.3 VLP generation 

VLPs were generated by following three distinct steps (Figure 5.3) that are described in 

detail below: transfection (5.2.3.A), collection (5.2.3.B), and purification (5.2.3.C). 
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5.2.3.A Transfection 

HEK293T cells (ATCC, #CRL-3216) were maintained in DMEM supplemented with 4% 

v/v FBS for at least one week before beginning the process of VLP generation, with passaging as 

necessary, to ensure cells were acclimated to culture conditions. Cells were kept in a humidified 

incubator at 37ºC with 5% CO2. A reverse transfection protocol was applied, using the 

Lipofectamine 3000 Transfection Reagent (#L3000001). Two separate solutions were created: 

one containing lipofectamine 3000, and the other a mixture of DNA and P3000 reagent (Figure 

5.4A). DNA concentrations were added in a 1:3 GPCR:Gag ratio due to observed optimal 

increases in both GPCR and Gag protein expression to get a total of 25 µg DNA per T175 flask. 

The two solutions were then mixed well and combined in a 1:1 ratio to get a DNA-lipid complex. 

This DNA-lipid complex was incubated at room temperature for at least 20 min, while HEK293T 

cells were passaged and counted (Figure 5.4B). The DNA-lipid complex was then combined 

with complete media containing 12 million cells to a T175 flask (Figure 5.4C). The DNA-lipid 

complex constituted 10% of the total volume. 

5.2.3.B Collection 

The collection schematic can be viewed in Figure 5.3B. After 18h of initiating the 

transfection, the media containing the transfection mixture was aspirated and replaced with fresh 

complete media supplemented with 10 µg/mL heparin (TRC, #H245800). The first step for VLP 

binding to host cells occurs when VLPs interact with heparan sulfate, thus the addition of heparin 

inhibits this process and results in increased VLP concentrations in the supernatant (28). Media 

was then collected and replenished at 48h, 72h, and 96h post-transfection after which the cells 

were discarded. After each collection, the media was centrifuged at 300 x g for 5 min to remove 

cell debris and the supernatant was stored at 4°C until all media collections were complete. 
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5.2.3.C Purification 

The purification schematic can be viewed in Figure 5.3C. Following the 96h collection 

and 300 x g centrifugation step, samples were pooled and centrifuged at 2,000 x g for 20 min to 

eliminate extra protein contaminants. The supernatants were then transferred into ultracentrifuge 

tubes without disrupting the pellets. The samples were ultracentrifuged using a Beckman Type 45 

Ti Fixed-Angle Rotor at 16,000 RPM for 2h at 4°C. The supernatant was carefully decanted and 

the pellets containing the VLPs were gently resuspended in PBS and centrifuged in the 

microcentrifuge at 16,000 RPM for 45 min. The supernatant was again discarded and the pellet 

containing the VLPs was gently resuspended in PBS to get the desired final concentration. 

5.2.4 Validation of protein expression by imaging and western blotting 

For imaging purposes, the HEK293T cells underwent a scaled down transfection in a 12-

well plate. Cells were fixed using 4% methanol-free formaldehyde as described in Chapter 3, 

Section 3.2.4, but instead of using the described stains, GPCR expression was validated with the 

cell impermeable SNAP-Surface Alexa Fluor 488 (#S9129S), while Gag was visualized through 

the mCherry tag. Images were captured on an EVOS M7000 Microscope at 10X. Images then 

underwent background subtraction and channel merging using ImageJ 1.8.0. Western blotting 

was accomplished utilizing the protocol described in Chapter 3, Section 3.2.5 and the primary 

rabbit anti-APJ antibody (Proteintech, #20341-1-AP) at a 1:1000 dilution. Coomassie staining 

was accomplished with the SimplyBlue SafeStain (#LC6060). 

5.2.5 Negative-Stain Electron Microscopy sample preparation and data collection 

VLP samples prepared for electron microscopy (EM) underwent the same generation and 

purification procedure with the slight modification of excluding the supplemented heparin from 
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the HEK293T media. 200-mesh Carbon Copper grids (#CF200-Cu-50) for negative-stain 

electron microscopy (ns-EM) were glow discharged for 30s before a 3.5 µL sample aliquot was 

applied to the grid and allowed to absorb at room temperature for 1 min. Grids were then blotted 

with Whatman filter paper and immediately dipped into Nano-W dye (#2018-5mL). Grids were 

stained for 30s at room temperature, then blotted to dryness and stored for downstream data 

acquisition. 

Grids were imaged using a 120 kV FEI Technai G2 Spirit TEM with a Gatan Ultrascan 

4000 CCD. Micrographs were collected using Leginon at a magnification of 67000X 

corresponding to a pixel size of 1.60 Å per pixel. The final micrographs were low pass-filtered 

and contrast-enhanced in ImageJ 1.8.0 for visualization. 

5.2.6  Cryo-EM sample preparation and data collection 

To make grids for cryogenic electron microscopy (cryo-EM), Quantifoil R 2/2, 300-mesh 

carbon grids (#Q3100CR2) were glow discharged for 30s. A 3.5 μL aliquot of VLP sample was 

applied to the grid and allowed to adsorb on the grid for 10s inside a humidity-controlled 

chamber to avoid evaporation. The grids were then immediately frozen in liquid ethane using a 

Vitrobot Mark IV at 4 °C and 100% humidity with 3.5s blotting. 

Frozen grids were imaged using a 200 kV Glacios Cryo-TEM with a Gatan K3 direct 

electron detector. Micrographs were collected in article counting mode at a magnification of 

22000X, corresponding to a pixel size of 1.38 Å per pixel. Image frames were corrected for 

electron beam-induced motion using Motioncor2. The final micrographs were binned, low pass-

filtered, and contrast-enhanced in ImageJ 1.8.0 for visualization. 
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5.2.7 Peptide pulldown assay 

5.2.7.A Protein loading 

Following purification, each VLP sample batch was protein normalized using a small 

volume protein assay (Bio-Rad Laboratories, #500012). Protein normalized VLP samples were 

loaded onto 40 µL equilibrated SNAP-Capture Magnetic Beads (New England Biolabs, 

#S9145S) in a low protein binding microcentrifuge tube and allowed to equilibrate on a rotating 

tube mixer for at least 1h at 4°C. The amount of protein loaded per experiment was adjusted 

depending on batch yield and necessary agonist signal on the mass spectrometer but fell in the 

range of 2.75 – 5.5 µg total protein, with a higher protein content leading to a better MS (mass 

spectrometry) signal. Following magnetic bead-VLP incubation, the samples were captured via 

magnet and washed three times with 500 µL blocking buffer containing 0.1% w/v BSA and 

0.05% v/v Tween 20 in PBS. 

5.2.7.B Binder incubation 

Blocked magnetic bead-VLP samples were then incubated with each respective test 

condition. All test solutions were made in blocking buffer, and each 100 µL incubation consisted 

of 1 µM known binding partner with equivalent concentrations of the test compounds. These 

incubations were set up to undergo light agitation on the rotating tube mixer for 1h at 4°C. Once 

the 1h incubation was complete, samples were immediately washed three times as quickly as 

possible with 200 µL of ice-cold PBS. Then samples were eluted twice with 25 µL of 3 M 

guanidine hydrochloride while undergoing constant agitation with finger flicking. 
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5.2.8 High-performance liquid chromatography - mass spectrometry 

Eluted samples were either immediately chilled to 8°C in a Waters UPLC M-class 

autosampler or stored for up to 24h at 4°C before analysis. A 60°C heated Waters BEH C18 

Column, 130Å, 2.5 µm, 2.1 mm X 50 mm (Waters, #186006029) was utilized for apelin 

separation, while adenosine separation was achieved using an InfinityLab Poroshell 120 HILIC, 

2.1 x 150 mm, 4 µm. Optima water with 0.1% formic acid and acetonitrile with 0.1% formic acid 

made up Buffers A and B, respectively. Apelin separation was achieved with a standard gradient 

of 0-100% B buffer over 15 min, while an isocratic gradient of 100% B buffer was used to 

separate adenosine. MS data was collected and peak integration was performed using either a 

Waters Xevo TQ-S-2 with MassLynx 4.1 or a Thermo Fisher Orbitrap Ascend Tribrid with 

Xcalibur V4.1. 

Compound retention was quantified using mass spectra. Multiple reaction monitoring 

(MRM) methods were built on the Waters Xevo for both adenosine and pyr-AP-13 that 

standardized fragments and transitions. These MRM methods were ideal for these initial 

experiments since they offered increased sensitivity and dynamic range. Injecting dilution 

gradients of each compound yielded linear response curves to investigate MS signal response. 

Data was collected on the ThermoFisher Tribrid Obritrap Ascend for the mock library 

experiment utilizing the data independent acquisition (DIA) mode for broad mass tracking at the 

MS1 level. 

To reduce the variability inherent in sample injections, we included an in-house peptide, 

8d11, in our quench buffer to serve as an injection control and assist in sample normalization. 

Cyclic peptide 8d11 has the sequence [dVal][dLeu]A[dAla][dVal]P[dPro]I. It has a mass of 802.5 

Da and is known to be well structured and well characterized. It was selected as an internal 
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standard from a pool of synthetic cyclic peptides for its ability to be retained in both standard 

C18 chromatography as well as HILIC. 8d11 did not show interaction with either the target 

protein or our compounds of interest. Assay development and ASMS experimental details can be 

found here (29). 

5.2.9 Synthesis of mock library 

More information on the peptide library synthesis can be found in Jonathan Palmer’s 

thesis Chapter 3 (29). Of note, the peptides comprising the mock library were estimated to have a 

final concentration of 250 nM, so pyr-AP-13 was added accordingly at 250 nM. 

5.2.10 Analysis of library incubation with computational calculation of enrichment 

ratio 

Varying from traditional ASMS approaches that require MS2 data collection, this mock 

library was designed to have a low mass degeneracy, opening the avenue of uninterrupted 

primary mass monitoring (29). Peptides that did not have a PAR (peak area ratio) > 0.001 were 

excluded from analysis due to lack of column retention. Compound enrichment was determined 

by dividing the PAR for each peptide in the different GPCR-VLP samples by the negative 

control; then the enrichment factor was calculated by dividing the compound enrichment 

observed in the APJ-VLPs by the compound enrichment observed in the A2A-VLPs. Further 

details describing this process can be found in Jonathan Palmer’s thesis (29). 

5.3 Results 

5.3.1 VLP purification 

To generate VLPs, we purchased an optimized Gag plasmid with an mCherry tag to 

visualize the production of VLPs and created SNAP-tagged GPCR plasmids for two different 
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GPCRs, APJ and ADORA2A. Transfection conditions were optimized to observe increases in 

both GPCR and Gag protein expression in HEK293T cells (Figure 5.5A). Following this 

validation, we developed a robust purification regimen for VLP collection. During method 

development, we discovered that media collection from the GPCR-VLP expressing cells 

followed by a three-centrifugation step procedure yielded the maximum APJ signal as assessed 

by western blot analysis (Figure 5.5B). Additionally, visualization of all proteins in the sample 

via Coomassie staining yielded molecular weight bands that are similar to the full-length Gag-

mCherry. Other Gag cleavage products are expected in both APJ- and ADORA2A-VLPs (Figure 

5.5C). 

5.3.2 Visualization of VLPs 

Purified VLP samples appear to contain particles with the correct size and morphology. 

Following purification, VLP samples underwent ns-EM and cryo-EM. VLPs were likely co-

purified with extracellular vesicles, as indicated by ns-EM micrographs containing particles 

ranging in size from 50-250 nm in diameter (Figure 5.6A). Cryo-EM micrographs indicate VLPs 

form consistent morphologies containing well-ordered Gag and are 50-250 nm in diameter, with 

an average of 115 nm (Figure 5.6B). 

5.3.3 Peptide pulldown assays 

5.3.3.A Validation of binding-competent protein with GPCR-VLP-ASMS 

GPCR plasmids were cloned with an N-terminal SNAP-tag, allowing GPCR proteins to 

be covalently captured on magnetic beads to provide an insoluble solid support for the GPCR-

VLPs. This bead-GPCR-VLP conjugate was subjected to ASMS protocols and compound 

incubation was optimized for GPCR binding. The presence of binding-competent protein was 

demonstrated with specific retention of the endogenous positive control pyr-AP-13. Pyr-AP-13 
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was retained in samples containing APJ-VLPs at a greater level than control VLPs lacking the 

SNAP-GPCR expression (Figure 5.7A). Additionally, APJ-VLPs retained pyr-AP-13 without 

retaining angiotensin II (AngII), a nonspecific interaction control compound (Figure 5.7B). This 

demonstrates that retention of pyr-AP-13 by APJ-VLPs is specific to the binding interaction 

between the ligand and APJ and suggests that APJ is present in the VLP folded in a state that 

favors binding. 

5.3.3.B Testing GPCR-VLP-ASMS binding retention with a complex peptide mixture 

To validate the APJ-VLP model, we sought to demonstrate specific and significant 

binding ligand enrichment using a second GPCR as a control. Rather than evaluate enrichment 

against empty-VLP samples, we selected the GPCR, ADORA2A (A2A) as a nonspecific 

interaction control for APJ samples. This format provided the added benefit of using the reverse 

of the system and applying APJ as the control for adenosine-A2A binding (Figure 5.8A). Using 

these experimental conditions and a coincubation with equimolar amounts of adenosine and pyr-

AP-13, we were able to demonstrate adenosine-A2A enrichment (Figure 5.8B) and pyr-AP-13-

APJ enrichment (Figure 5.8C) above the threshold of nonspecific interactions. 

Encouraged by the retention of co-incubated pyr-AP-13, we further modified the co-

incubation conditions to feature pyr-AP-13 and a mock screening library. This mock library was 

utilized to mimic high throughput screening conditions with random compounds designed to act 

as noise, allowing further investigation of the nonspecific retention of compounds. Pyr-AP-13 

was spiked into a library of 2,688 peptides composed of 13 amino acids at equimolar 

concentration, giving a final library of 2,689 peptides with one positive control for APJ. 

Incubation with this library in APJ- and A2A-VLPs rendered significant pyr-AP-13 binding 

enrichment in APJ-VLPs (Figure 5.9B). 
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5.4 Discussion 

5.4.1 Summary of results 

In this study we present a novel promising GPCR high throughput screening platform. 

With this work, we were able to provide the first confirmation that VLPs can be used as a GPCR 

screening method, thus eliminating the need for a specific buffer or assay condition optimization 

to support native GPCR folding. The key finding in this study is that with the use of GPCR-

VLPs, we can detect enriched binding with positive controls in both simple and complex 

mixtures of thousands of peptides. This study serves to streamline GPCR drug discovery, as our 

methodology can be adapted for any GPCR or membrane protein that can be overexpressed in 

vitro. 

5.4.2 Robust generation and purification of VLPs 

Initially, we began by co-overexpressing a GPCR protein with an HIV-1 Gag protein in 

order to initiate VLP budding. We utilized HEK293T cells as our model cells for protein 

production due to their ease of use and large yield of recombinant proteins. Analyses 

demonstrated that in a co-transfection with SNAP-GPCR and Gag plasmids, both GPCR and 

Gag were expressed in HEK293T cells (Figure 5.5A). Furthermore, following VLP purification, 

western blot analysis validated APJ expression (Figure 5.5B), and Coomassie staining led to 

observed protein bands at the correct molecular weight of full-length Gag-mCherry (Figure 

5.5C, band A). Additionally, we noted the predominant protein found in both VLP samples was 

at the correct molecular weight of a known Gag cleavage product. Gag polyprotein is composed 

of six different components: matrix protein (MA), capsid protein (CA), spacer peptides 1 (SP1) 

and 2 (SP2), nucleocapsid protein (NC), and p6 (30). Notably, Gag undergoes cleavage during 

maturation and while budding off from the cell Gag can leave an outer shell of MA subunits 
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below the plasma membrane (30,31), which we believe is the predominant protein expressed in 

our samples (Figure 5.5C, band B). Rough calculations with western blot quantification utilizing 

Image Studio Version 4.0 software estimated that about 25% of total protein in the sample was 

SNAP-GPCR. Additionally, both ns-EM and cryo-EM corroborate that our purification method 

resulted in the collection of vesicles that fall within the expected size and morphological range of 

VLPs (Figure 5.6). 

5.4.3 GPCR-VLP-ASMS demonstrates binding enrichment with known positive 

controls in simple peptide solutions 

Initial attempts to screen against APJ using ASMS without a VLP platform were met with 

mixed results. Aggressive inclusion of detergents and other stabilizing agents proved inadequate 

for keeping APJ in its properly folded state, as evidenced by poor results following ASMS 

screening. Furthermore, the stabilizing agents used were incompatible with mass spectrometry 

conditions and mandated difficult sample clean up and loss of analyte. These failures, as outlined 

in Appendix I, led us to adopt the use of VLPs to assist in keeping the GPCRs folded and 

provide an additional platform for ASMS experimentation. 

The use of the SNAP tag on the N-terminus of the GPCRs is crucial for this ASMS 

experimental workflow in order to capture the targeted VLPs on solid support microbeads 

allowing for several wash steps. The New England Biolabs SNAP-tag is designed to specifically 

and rapidly react with benzylguanine derivates, leading to irreversible covalent labeling of the 

SNAP-tag to any SNAP substrate (32). The utilization of this tag allows an exclusive focus on 

the targeted SNAP-GPCR-VLPs, thereby providing a cleaner background signal due to 

minimized non-SNAP-GPCR containing VLP capture. 
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The initial focus on specific and selective binding enrichment for GPCR-VLP-ASMS 

was developed around pyr-AP-13 binding to APJ-VLPs. This was selected as our primary test 

condition for the GPCR-VLP system as APJ represents a complex GPCR that is challenging to 

maintain in its native folding state when removed from the cell (25,26). HPLC-MS quantification 

methods were built using a Waters triple quad method specific to APJ’s endogenous ligand pyr-

AP-13. Quantification was attained with calibration curves and normalized with internal standard 

peak areas. 

Use of the GPCR-VLP-ASMS approach led to significant positive enrichment with pyr-

AP-13 in APJ-VLP samples. Initial binding studies demonstrated a 4-fold increase in pyr-AP-13 

binding with APJ-VLPs compared to empty-VLPs. Maximal binding was achieved with an 

ASMS approach using a 60 min incubation time and 1 µM ligand concentration. Additionally, in 

order to test APJ’s binding selectivity, a co-incubation was performed with equal concentrations 

of pyr-AP-13 and angiotensin II. AngII was selected as a test compound because it’s binding 

partner, the angiotensin AT1 receptor, is highly homologous with APJ, yet AngII and APJ have no 

known interaction or binding to their respective receptors (33,34). Observed enrichment of pyr-

AP-13 without enrichment of AngII binding to APJ-VLPs (Figure 5.7B) evidenced a specific 

and selective binding interaction between APJ and pyr-AP-13. These findings further support our 

hypothesis that APJ in VLPs is present in its properly folded state, implied through selective and 

specific pyr-AP-13 binding enrichment. 

5.4.4 GPCR-VLP-ASMS demonstrates binding enrichment with known positive 

controls in more complex ligand mixtures 

Furthermore, we established increased positive control ligand retention utilizing two 

different GPCR systems, ADORA2A and APJ. ADORA2A- and APJ-VLP samples were protein 
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normalized and co-incubated with equimolar amounts of adenosine and pyr-AP-13. With this 

experiment, we demonstrated enriched retention of A2A’s native binding partner, adenosine, with 

A2A-VLP samples (Figure 5.8B), and enriched retention of pyr-AP-13 with APJ-VLP samples 

(Figure 5.8C). Both adenosine and pyr-AP-13 were retained in the GPCR-VLP serving as the 

negative control, suggesting that there is a base level of nonspecific interaction with the surface 

proteins present within the VLP membrane. Since VLPs introduce a large and hydrophobic 

surface for ligands to interact with, a baseline level of nonspecific interaction is expected, and 

unfortunately this increases the difficulty of identifying significant differences in ligand binding 

enrichment. This is evidenced by the retention of pyr-AP-13 with APJ-VLPs falling below the 

level of statistical significance. That said, it is worth noting that the typically better understood 

and better behaved GPCR, A2A, did retain its native binding partner with a greater significance 

than APJ. It is also possible that the interaction between pyr-AP-13 and APJ is not as robust as 

the interaction between adenosine and ADORA2A, demonstrated by the worsened ligand-GPCR 

retention with pyr-AP-13 and APJ-VLPs. 

In collaboration with Dr. Jonathan Palmer (29), a mock library was created with 2,688 

peptides containing 13 amino acid residues. Mutations within this mock library ensured a variety 

of properties, like different hydrophobicities, polar surface areas, and masses, substantiating a 

range of peptides that encompassed the attributes of pyr-AP-13. Before beginning the incubation 

of the mock library + pyr-AP-13 a similar ionization efficiency was observed for all compounds, 

verifying that the library members and pyr-AP-13 were present in equimolar concentrations. 

Pyr-AP-13 binding enrichment was observed with APJ-VLPs compared to controls when 

the samples were co-incubated with a mock library consisting of 2,688 other peptides with the 

same number of amino acids. A2A-VLPs were used as a control for nonspecific interactions of 
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the mock library + pyr-AP-13 co-incubation, and an enrichment ratio was calculated for each 

retained test peptide by dividing the enrichment of the peptide in the APJ sample by the 

enrichment of the peptide in the A2A sample. This analysis facilitated interpretation for specific 

retention by APJ-VLP samples. In total, we identified 406 masses with some level of retention in 

APJ-VLP, A2A-VLP, and negative control samples. Enrichment factors spanned from 0.5 to 1.4, 

with a notable exception at 2.19 for pyr-AP-13 (Figure 5.9B), suggesting that pyr-AP-13 was 

more significantly retained in APJ-VLP samples compared to both A2A-VLP and negative 

control samples. Interestingly, although the samples were protein normalized, it appears the 

peptides were typically being retained by APJ-VLP samples at a greater degree than A2A-VLP 

samples. This could be contributed to the variability of GPCR concentrations within each VLP or 

the possible instability of APJ compared to A2A, leading to potential increased APJ-VLP lysis 

during peptide library incubations and several wash steps. Regardless, this bias is likely 

suppressing the pyr-AP-13 enrichment factor, providing additional confidence in the separation 

achieved in this experiment. An enrichment ratio cutoff of 2 is typically used to denote a specific 

versus nonspecific retention (35), exemplifying pyr-AP-13’s binding enrichment of 2.19 to APJ-

VLPs, compared to the next highest peptide enrichment falling below 1.5. This experiment 

provided further confidence that our incorporated wash steps were effective in limiting the 

nonspecific carryover of the other library members into the final eluted MS sample (Figure 

5.9A). This work demonstrates the feasibility of a library-based high-throughput screen using our 

GPCR-VLP-ASMS approach. 

5.4.5 Limitations of this model system 

Despite our best efforts to reduce variability, we acknowledge that this method introduces 

a high degree of variation. As we cannot separate VLPs that do not contain SNAP-GPCR during 
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purification, we note that there are likely many VLPs that contain other membrane proteins that 

are purified in addition to our VLPs of interest. To counter this intrinsic variation in sample 

collection and purification, we added an additional sample GPCR-VLP that acts as a control for 

other nonspecific binding to membrane proteins present in the VLP samples. Furthermore, we 

implemented long incubation times to minimize nonspecific interactions and increase both 

magnetic bead-VLP association and GPCR-ligand interactions. Future experiments should focus 

on larger batch VLP generation and purification, as this would increase the VLP yield and 

potentially further decrease the variability observed in ASMS analysis. As the field of ASMS 

develops, it is worth tracking broadly applicable advances, like using biolayer interferometry to 

reduce human sample handling and track protein loading and apply those advances to this 

technique to reduce error and variability. 

Though we set out to demonstrate statistically significant enrichment of GPCR binding 

partners, it is worth noting that this goal can be at odds with the general application of ASMS. 

ASMS as a screening tool often consists of single shot experiments, requiring fewer replicates 

and controls than the experiments detailed here. In general, putative compounds with target 

engagement identified from ASMS screens will require further testing and validation, and 

GPCR-VLP-ASMS is no exception. Therefore, we view this GPCR-VLP-ASMS approach as a 

qualitative step to narrow down a vast chemical space and identify a hit rather than as a 

quantitative way to provide a definitive answer for GPCR binding and activation. With our pyr-

AP-13-mock library screen, we have suggested that our approach is capable of enriching 

compounds with binding interactions above an identifiable threshold. Though that threshold may 

not be as strict as traditional ASMS approaches, we believe that we have made great strides in 

combating some of the challenges posed by using GPCRs in ASMS. Future iterations of this 
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work should focus on screening random or directed libraries against GPCRs to discover new 

compounds with target interactions. 

5.5 Conclusions 

In conclusion, we have developed a novel platform for the HTS of compounds for testing 

target engagement with GPCRs by enriching GPCR production in VLPs. We demonstrated that 

we are able to capture GPCR expressing VLPs to solid support beads and observe enriched 

binding with positive controls in both simple and complex solutions. By presenting the potential 

of GPCR-VLPs as a screening tool for identifying novel hits, we hope to accelerate and unlock 

compound screening against GPCRs at a level previously unreachable. The integration of GPCR-

VLPs in ASMS will make targeting specific GPCRs quicker and easier and will greatly improve 

the capability of drug screening today, as well as advance the development of GPCR-targeted 

therapeutics.  
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Figures 

 

Figure 5.1. Schematic representation of the formation of VLPs. 

Recombinant overexpression of a GPCR leads to increased protein on the cell surface, 

that is then utilized as the VLP lipid envelope following Gag budding and release. 

Created with BioRender.com  
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Figure 5.2. Affinity selection mass spectrometry workflow. 

First, GPCR containing VLPs are generated and purified. Then the GPCR-VLPs are 

captured via covalent linkage with insoluble support magnetic beads, and the compound 

screen is initiated with the ligand incubation. Subsequent wash steps then remove 

compounds that do not interact with the target protein. Finally, compounds that form a 

tight binding interaction with the target protein are eluted and undergo mass 

spectrometry analysis. Created with BioRender.com  
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Figure 5.3. Schematic of the different steps for VLP generation. 

(A) transfection (B) collection, and (C) purification. Created with BioRender.com  
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Figure 5.4. Step by step breakdown of the transfection protocol. 

(A) The transfection reagents are made and combined in a 1:1 v:v ratio. (B) While the 

DNA-lipid complex incubates, begin passaging HEK293T cells. (C) Combine 10% 

volume of the DNA-lipid complex with HEK293T cells and plate in a T175 flask. 

Created with BioRender.com  
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Figure 5.5. Validation of increased GPCR and Gag protein expression. 

(A) Fluorescent images with SNAP-tag Alexa 488 substrate validating GPCR 

expression and mCherry validating Gag expression in HEK293T cells. (B) Western blot 

with purified VLP samples and an anti-APJ antibody verifying APJ expression. (C) 

Coomassie staining showing all proteins present following VLP purification. Band A 

has the same molecular weight as full-length Gag-mCherry (~83kDa), while band B 

could be a cleavage product of Gag without the matrix (MA) component. SNAP-APJ / 

SNAP-GPCR migrates at ~62 kDa, while APJ without the SNAP tag is observed at ~43 

kDa.  
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Figure 5.6. Visual confirmation of VLP purity and morphology. 

Visualization by (A) ns-EM and (B) cryo-EM.  
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Figure 5.7. GPCR-VLP-ASMS validation of pyr-AP-13 binding. 

(A) Results from the ligand retention benchmarking test demonstrated an approximate 

4-fold enrichment in pyr-AP-13 retention with APJ-VLP samples compared to VLP-

negative controls. (B) APJ-VLPs specifically bind pyr-AP-13 and not AngII. PAR was 

normalized to pyr-AP-13 and AngII internal standards, n=4. * P < 0.05. Created with 

BioRender.com  
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Figure 5.8. Enriched retention of positive control ligands in a two-compound 

mixture. 

(A) Schematic of the different experimental conditions utilized. (B) Adenosine binding 

enrichment is observed in A2A-VLPs and (C) pyr-AP-13 binding enrichment is 

observed in APJ-VLPs when ligands are co-incubated. PAR was normalized to 

adenosine and pyr-AP-13 retention in negative control samples, n=4. * P < 0.05 Created 

with BioRender.com  
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Figure 5.9. Enriched retention of pyr-AP-13 with APJ-VLPs when co-incubated 

with a complex mixture with over 2,500 peptides. 

(A) Total ion chromatogram demonstrating wash steps sufficiently eliminate the 

background from the unscreened library. Comparison of the library chromatograms 

from the different samples compare the retention capability of either all peptides (total 

ions) or pyr-AP-13 (extracted ion). (B) Enrichment of pyr-AP-13 from a mock library 

of similarly sized peptides. Results of the library screening show pyr-AP-13 enrichment 

versus the mock library.  
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Chapter 6:    Conclusions and Future Directions 

6.1 Conclusions 

The main objectives of this dissertation project were two-fold; (i) to extensively 

characterize the impact of two different inotropic agents, the ceramides and the apelins, on the 

development of cardiac hypertrophy, and (ii) to develop a universal method to screen hits against 

G-protein coupled receptor targets using APJ as an example. This work expands the existing 

knowledgebase of novel CVD biomarkers and sheds new light on the mechanisms of the 

ceramides and apelins in the development of cardiac hypertrophy. Furthermore, this work may 

improve drug screening against GPCR targets and make it more accessible and less labor 

intensive than previous assays. 

To investigate the impact of ceramides on cardiac hypertrophy, we silenced the ceramide 

synthase genes responsible for the production of 16:0 ceramide (CERS5/6) and 22:0 plus 24:0 

ceramide (CERS2) in immortalized human ventricular cardiomyocytes. We hypothesized that 

long-chain ceramide 16:0 would be detrimental to health and lead to the progression of CVD, 

while very long-chain 22:0 and 24:0 ceramides would be protective based on previous work (1) 

and provided evidence to support this hypothesis. We demonstrated that knocking down CERS2 

and CERS5/6 resulted in the reduction of the expected VLC and LC ceramides, as well as the 

downstream sphingolipid metabolites quantified by mass spectrometry. While examining the 

transcriptomics response with CERS2 KD alone, we observed many cellular dysregulations 

suggestive of a decline in cardiomyocyte health, while CERS5/6 KD resulted in transcriptional 

changes that hinted at improved HCM health. With hypertrophy induction using PMA, we 

further observed exacerbated hypertrophy progression in HCMs with silenced CERS2, while 

CERS5/6 KD appeared to alleviate some of the observed hypertrophic response. These findings 
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suggest that expression of CERS2 and its gene product metabolites, 22:0 and 24:0 ceramides, 

may be protective against CVD progression, while expression of CERS5 and CERS6, and their 

metabolite, 16:0 ceramide, may contribute to the progression of CVD. 

The next section of this dissertation investigated the impact of the apelinergic system on 

cardiac hypertrophy. We examined the role of multiple apelin isoforms and APJ, the GPCR 

through which each apelin exerts its function. We provided evidence that pyroglutamyl-apelin-13 

and apelin-17 treatment elicited different pathway changes in cardiomyocytes, indicating that 

although both apelin isoforms signal through APJ binding, they can assume different roles in 

cardiomyocyte health. 

We created a SNAP-APJ plasmid that resulted in the overexpression of stable and active 

APJ and overexpressed this receptor in immortalized human ventricular cardiomyocytes. We 

demonstrated that with the induction of hypertrophy, APJ overexpression reduced the mRNA 

expression of the hypertrophy biomarker BNP, and transcriptionally, altered many pathways that 

play crucial roles in the development of CVD. Furthermore, following hypertrophy induction we 

observed that in the absence of APJ, pyr-AP-13 and AP-17 increased BNP mRNA, but with APJ 

overexpression, BNP levels declined following both treatments. These findings suggest that both 

APJ and apelin are necessary to elicit a protective response from the AS. Through this work we 

identified many pathway changes, but a conclusive role for the AS in these pathways needs to be 

further defined by knocking down genes in these specific pathways in cardiomyocytes and 

determining how they affect cell health. 

Finally, we concluded this dissertation by presenting a potential universal method for 

high-throughput GPCR drug screening. As current methodologies require extensive experimental 

labor and troubleshooting, we hypothesized that we could develop a method which works for 
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identifying GPCR binders but requires minimal optimization across different receptors. Here we 

employed the use of virus-like particles to serve as a screening vessel for our GPCR targets. We 

discussed and validated the development of a purification technique to generate GPCR-VLPs. 

We further explained how we used these GPCR-VLPs in an ASMS screening assay where we 

were able to identify positive control binders with two different GPCR systems, APJ and 

ADORA2A. We concluded this work by testing the limits of this screening method, where we 

added pyr-AP-13 to a complex mixture of over 2500 peptides and were able to show enriched 

binding with apelin compared to the peptide library with APJ-VLPs. Taken together, the 

development of the GPCR-VLP-ASMS technique has the potential to greatly impact drug 

development, by eliminating the labor-intensive optimization procedures for each GPCR target. 

6.2 Future Directions 

The discovery nature of this dissertation project laid the groundwork for future research 

directions aimed towards defining the role that the ceramides and apelins play in CVD 

progression. Additionally, the work completed in this project is a first step towards addressing 

issues with current GPCR screening technologies and provides an alternative approach, that 

could serve as a universal high-throughput screening method to make GPCR binding studies 

more accessible and less demanding. 

Some next steps with respect to the ceramide component of this thesis involve an 

untargeted lipidomics study. As many of the findings that were discovered with CERS2 and 

CERS5/6 KD were centered around cholesterol biosynthesis and metabolism, it would be 

interesting to investigate how changes in the 16:0, 22:0, and 24:0 ceramide species altered the 

cell’s global lipidome. Additionally, since we noted that insulin regulation declined in the 

hypertrophic response due to either CERS2 or CERS5/6 KD, it would be worthwhile to explore 
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the role specific sphingolipids play in insulin resistance. Finally, due to the increase in cell death 

observed with both CERS2 and CERS5/6 KDs, the role of ceramides in the cardiac cell cycle 

needs to be further investigated. The clear findings and importance of this work suggest that 

more effort is needed to characterize the role that VLC and LC ceramide species play in vivo in 

both the development and progression of cardiovascular disease. 

In order to fully elucidate the role the AS plays in cardiomyocyte homeostasis and cardiac 

hypertrophy development, additional work needs to be allocated to study how APJ 

overexpression and treatment with various apelins alter specific forms of cell death, such as 

ferroptosis and apoptosis. To understand the role pyr-AP-13 plays in the hypertrophy response, 

additional experimentation should be completed utilizing pyr-AP-13 treatments aside from the 

rolling treatment used in this project. If APJ activation could be increased through different 

apelin treatment strategies and more gene changes could be elicited, this would open the door to 

performing a cluster analysis to determine pathway change directionality. Also, since it appears 

that pyr-AP-13 treatment alters cholesterol metabolism, while AP-17 treatment alters pathways 

related to eicosanoids, it would be very interesting to study the global lipidome changes due to 

apelin treatment. Since the apelin species collectively are known to influence obesity and play 

roles in lipolysis and fatty acid oxidation (2,3), it would be intriguing to explore how treatment 

with the different apelin isoforms leads to changes in lipid species within the cell as well as lipid 

storage in lipid droplets. Additional work should be completed in vivo to further define the role 

of the different apelin isoforms in cardiac health. Both preventative and rescue experiments with 

the different apelin isoforms should be completed in mouse models. Mice should be dosed with 

the apelin isoforms prior to the initiation of a myocardial infarction and disease severity should 

be assessed over time to see if apelin treatment could be used as a preventative strategy to 
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counter CVD development. In conjunction with this, rodent models exhibiting different versions 

of CVD, with and without changes in ejection fraction, should be dosed with the different apelin 

isoforms to elucidate the potential protective mechanisms of the different apelins. Completion of 

this work would open the door to potential structure activity relationship studies between the 

different apelin-APJ interactions, to better mimic the desired signaling response with future CVD 

therapies targeting the AS.  

Finally, future efforts could go into increasing the yield and efficiency of making GPCR-

VLPs. Experimentation should continue generating vesicles with viral proteins beyond HIV-1 

Gag that could help increase the yield of GPCR containing vesicles. The current GPCR-VLP 

method could undergo further testing with other GPCRs, or ion channels, to test if VLPs could 

be used as a vessel to identify ligand binding for other complex membrane proteins. Additionally, 

this method should be used in the future to characterize a large compound library screen with 

compounds designed to bind to APJ, or other interesting GPCR targets.  
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Appendix I:    Efforts towards developing properly folded APJ excised from 

mammalian cells and optimization for binding assay conditions 

This appendix will detail the various approaches attempted to isolate APJ from 

mammalian cells in its native folded state. In order to attach APJ to solid support magnetic beads 

and utilize the protein in affinity selection mass spectrometry binding assays, we initially 

believed we needed a method to remove APJ from its native membrane bilayer. The complexities 

of removing GPCRs from their native environment and purifying them in a way that enables 

correct protein folding is discussed in great detail in Chapter 5. In this appendix, I will focus on 

important experiments for the ASMS assay validation and discuss in detail the different 

purification attempts made to generate correctly folded APJ. I will first discuss the validation of 

our SNAP-APJ plasmid covalently binding to SNAP magnetic beads and why this was a crucial 

first step. I will then present each APJ purification attempt in detail leading up to our decision to 

invest in utilizing VLPs as a host environment for natively folded APJ. At that point, I will break 

down experiments that were conducted and different purification protocols that were attempted, 

in order to minimize overlap with future troubleshooting. Overall, this appendix will outline the 

difficulties encountered in attempting to remove APJ from the plasma membrane as well as 

demonstrate how the binding assay was optimized and why it is run this way now. 

I.1 Successful binding of SNAP-APJ to SNAP magnetic beads 

For reasons discussed in Chapter 5, we chose to utilize HEK293T cells as our protein 

expression system. As our goal was to be able to conduct an ASMS HTS method with APJ and a 

library of novel designed agonists, the first step to developing this method was to ensure that the 

tagged-APJ covalently attached to the corresponding magnetic beads, as expected. To begin to 

address this, HEK293T cells were transfected with either SNAP-APJ plasmid or Empty-SNAP 
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vector in 10 cm petri dishes, using the optimized transfection ratios discussed previously in 

Chapter 5, Section 5.2.3.A. The cells were harvested by scraping and lysed using RIPA buffer 

(Thermo Fisher Scientific, #J63306.AK; Waltham, MA) supplemented with Halt Protease and 

Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, #78440; Waltham, MA). The 

narrowest part of the pipette tip was cut off to make the pipette tip bore larger, and decrease the 

stress placed on the cells as well as the surface proteins. The samples were then manually 

disrupted by being pipette up and down 50 times before being placed in the microcentrifuge at 

4°C and centrifuged at 16,100 x g for 10 min. 

While the samples were spinning, 80 µL SNAP-capture magnetic beads were added to 

two separate tubes and equilibrated 3x with RIPA buffer. After the completion of the 

centrifugation, 125 µL of both the SNAP-APJ and Empty-SNAP lysates were added to their 

respective equilibrated SNAP beads and placed on the rotating tube mixer at 4°C overnight. The 

magnetic beads were captured for all subsequent steps and the supernatants were collected in 

order to test for unwanted APJ wash off. Unless otherwise noted, samples were placed on the 

room temperature rotating tube mixer for 1 min before the supernatant was collected and the next 

1 mL incubation was initiated. The post-loading lysate was collected and three subsequent wash 

steps with RIPA buffer were initiated, followed by three running buffer (50 mM NH4HCO3 + 75 

mM KCl, pH 8) incubations. Next, 50 µL of a high pH elution buffer (0.5 M NH4OH, pH 11-12) 

was added to the beads to try to strip APJ off. The elution buffer was continuously flicked for 2 

min, before the supernatant was collected for testing. This elution procedure was repeated three 

times, before a fourth and final elution attempt was made with the addition of 100 µL elution 

buffer and a 15 min room temperature incubation period. The collected supernatants were 

evaporated utilizing the SpeedVac vacuum concentrator and resuspended in 30 µL DI water. A 
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western blot with these samples and an anti-APJ antibody (Proteintech, #20341-1-AP; San 

Diego, CA) confirmed that APJ did not elute from the beads with any wash or elution step and a 

reduced band in the post-loading lysate led us to believe we overloaded the SNAP beads with 

APJ (Figure I.1). Furthermore, this experiment confirmed that APJ is not expressed in 

HEK293T cells, demonstrated by a lack of APJ bands in the empty vector lysate. Overall, this 

experiment gave confidence to using SNAP-capture magnetic beads as our insoluble solid 

support for the ASMS workflow. 

I.2 First binding assay method attempt: Lysing overexpressed APJ from HEK293T cells 

Our first attempt at utilizing APJ removed from the native bilayer in a binding assay 

repurposed the lysate left over from the SNAP magnetic bead validation. To 40 µL equilibrated 

SNAP beads, 60 µL of the APJ and empty vector lysates were added to respective tubes in 

duplicate and incubated at room temperature on the rotating tube mixer for 1h. A 500 µL PBS 

wash step was conducted three times, before the beads were washed once with 500 µL blocking 

buffer (0.1% (1mg/mL) BSA in PBS) and placed on the rotating tube mixer for 1 min. The 

samples were then introduced to 450 µL of a 16 µM solution with APJ agonist pyr-AP-13 

(Cayman Chemical, #15590; Ann Arbor, MI) in blocking buffer. This agonist incubation was 

placed on the rotating tube mixer at room temperature for 1h, before samples were washed three 

times with 500 µL ice cold PBS. To elute pyr-AP-13 off the beads, two 5 min elutions were 

commenced with 100 µL elution buffer (6 M guanidine hydrochloride (GnHCl), 200 mM 

phosphate, pH 6.8 in PBS). Eluants were collected and C18 tips (Sigma-Aldrich, #ZTC18S008; 

St. Louis, MO) were used according to the manufacturer’s recommendations to concentrate and 

clean up the samples. Following LC-MS/MS analysis, there was no enriched binding detected 



 

 

179 

with pyr-AP-13 in the APJ lysate compared to the empty vector control, leading us to believe that 

under these conditions, APJ was not folded correctly. 

I.3 Second binding assay method attempt: Creating micelles with HEK293T lysates 

Historically, purifying functional GPCRs away from their native bilayers has been met 

with the most success when non-ionic surfactants and stabilizing agents are used to make up the 

buffers. For this reason, we attempted to try a few different buffers to test if we achieve enriched 

pyr-AP-13 binding to APJ lysates. N-dodecyl-𝛽-D-maltoside (DDM) supplemented with a 

cholesterol mimicking detergent like cholesteryl-hemisuccinate (CHS), and glycerol to help 

increase receptor stability is a commonly used combination to get Class A GPCRs correctly 

folded (1,2), therefore, we decided to implement this as our Buffer #1. In Buffer #2, we replaced 

DDM with DMPG (1,2-dimyristoyl-sn-glycero-3-PG) because DMPG is thought to aid in 

stabilizing membrane proteins (3). Buffer #3 consisted of a 1:1 mixture of Buffer #1 and Buffer 

#2. All buffers were prepared fresh in 50 mM HEPES supplemented with 500 mM NaCl, 20 mM 

KCl, and 15% glycerol, pH 7.5. Buffers were forced through an 18-gauge needle to break up 

large micelles and create a more uniform mixture before being added to the samples. 

Buffer #1: 10 mM DDM (Cayman Chemical, #16494; Ann Arbor, MI) and 2 mM 

CHS (Cayman Chemical, #25698; Ann Arbor, MI). CHS was dissolved in DMSO, 

bringing the total organic 0.537%. This buffer became foamy like a detergent. 

Buffer #2: 2 mM DMPG (Cayman Chemical, #15085; Ann Arbor, MI) and 2 mM 

CHS. DMPG and CHS were dissolved in DMSO, bringing the total organic to 0.813%. 

This buffer did not foam up. 

Buffer #3: 50:50 mix of Buffer #1 and Buffer #2. 
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New lysates were created from transfected HEK293T cells and samples underwent a 

BCA and western blot analysis to validate APJ expression. Lysates were added so protein amount 

exceeded the binding capability of the equilibrated SNAP beads and placed on a rotating tube 

mixer at 4°C overnight. For each buffer above, 500 µL was added to the loaded beads, in 

duplicate for both APJ and empty vector lysates. The samples were then allowed to equilibrate at 

4°C in the rotating tube mixer for 2.5h. Samples were washed with buffer 2x, then 500 µL 

blocking buffer (respective buffer + 0.1% BSA (1mg/mL)) was added to the sample and allowed 

to mix for 1 min, before initiating the agonist incubation. The agonist pyr-AP-13 was added to 

blocking buffer to compose a 16 µM solution, and 450 µL of this was added to each sample and 

allowed to equilibrate on the rotating tube mixer for 1h at room temperature. The samples were 

then washed three times with 300 µL ice cold buffer and eluted twice with 100 µL 6 M GnHCl, 

warmed to 45°C. During each elution step, samples were placed on the rotating tube mixer for 5 

min. These samples were very dirty due to the addition of all the different surfactants, so eluants 

were cleaned up with C18 tips. There was no observed enriched pyr-AP-13 binding to APJ 

compared to control lysates with any of the different buffer conditions. 

Ultimately, we decided there were too many variables that could be altered with the 

generation of micelles, so decided to look for different methods to achieve correctly folded APJ. 

With enriched pyr-AP-13 binding being our only readout, it was a huge experimental burden to 

alter the variables with no clear way to determine if altering one concentration in the buffer 

composition was beneficial as opposed to the other. That said, we did consider increasing the 

DMPG concentration and including a 15 min preincubation with alkylating agent iodoacetamide. 

Additionally, this method could be expanded upon by utilizing the dounce homogenizer with a 

hypotonic buffer like HEPES and altering the micelle buffer incubation period. 
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I.4 Third binding assay method attempt: Dialysis with HEK293T lysates 

Our next purification attempt was centered around utilizing dialysis to generate correctly 

folded APJ. Fresh HEK293T lysates were generated and 100 µL of these lysates were added to 

mini slide-a-lyzer 20K MWCO dialysis units (Thermo Fisher Scientific, #69590; Waltham, MA) 

in duplicate for each experimental condition and each sample type (APJ and empty vector 

lysates). The following folding buffer was utilized in this set of experiments: 25 mM HEPES 

supplemented with 500 mM NaCl in DI water and filtered, pH adjusted to 7.5, then 

supplemented with 5% glycerol, 0.01% DDM, 0.002% CHS, and 200 mM imidazole. For this 

experiment, when apelin was supplemented into the media, we are referring to a solution 

containing 2.5 µM FITC-apelin-13 (FITC-AP-13, an apelin with a fluorescein isothiocyanate 

label), unless otherwise noted. Microcentrifuge tubes were filled to the top with folding buffer 

supplemented with apelin and dialysis units containing the lysates were placed in a way to 

minimize bubbles between the membrane and buffer. Samples were set on the rocker at 4°C and 

allowed to equilibrate overnight. In the morning, the bottom buffer was replaced with new apelin 

supplemented folding buffer and placed on the rocker at room temperature for 4h. At this point, 

we concluded the apelin sample priming, and the folding buffer was replaced for an additional 4h 

treatment, with no respective apelin treatment. The folding buffer was then exchanged for a final 

time, sans apelin treatment, and placed back on the rocker in the 4°C box overnight. 

At this point, we were hopeful that the buffer combination and early priming with apelin 

promoted APJ into its correctly folded state and initiated incubations with apelin to be collected 

for subsequent analysis. The following morning, the folding buffer in the microcentrifuge tube 

was replenished, and FITC-AP-13 was added to the top of the membrane with the lysates to 

bring the total concentration of FITC-AP-13 to 2.5 µM. These samples were left to dialyze for 4h 
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on the room temperature rocker, where aliquots were collected from both fractions and 

fluorescence was analyzed on a BioTek Synergy HTX plate reader (Aligent; Santa Clara, CA). 

Here we determined that the FITC-AP-13 was actuality not dialyzing, so switched dialysis 

devices to a Rapid Equilibrium Dialysis (RED) Plate (Thermo Fisher Scientific, #90006; 

Waltham, MA). The lysates and folding buffers were transferred into the RED inserts and 

allowed to dialyze at 37°C for 4h. The FITC-AP-13 was found in both fractions collected, 

suggesting that dialysis was occurring within the RED plates, but there were no observed 

changes in fluorescence between the APJ lysates and the empty vector controls. In the future, the 

slide-a-lyzer dialysis units should be avoided for this purpose since they were not sufficient in 

promoting dialysis, but the RED plates can potentially be further optimized and used to help with 

protein folding and binding assays. 

In parallel to running dialysis with these HEK293T lysates, we performed a binding assay 

with SNAP beads. Lysates were added to equilibrated SNAP beads and then run through the 

same buffer regimen as the dialysis units. The binding assay was run as previously described, but 

with a 1.25 µM pyr-AP-13 + 1.25 µM AP-13 incubation. There were no observed changes in 

binding enrichment following LC-MS/MS analysis between the APJ and empty vector lysates. 

I.5 Utilizing VLPs for native GPCR folding 

At this point, we took a step back to try and reconsider our previous assumption that it 

was necessary to remove APJ from the native lipid bilayer. As we had exploited many common 

methods to get APJ correctly folded with no success, we sought to find a method that could be 

more universal with all GPCRs, not just APJ. Each experiment was very labor intensive, and we 

only had one readout that took place at the conclusion of a very long string of experimental 

procedures – observed enriched agonist binding. With the binary yes or no to enriched binding, 
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there was no way for us to generate experimental evidence to support that any of these specific 

procedures was leading us closer to having correctly folded APJ. This lack of evidence to help 

guide experimental changes was neither efficient nor encouraging, so we went back to the 

drawing board to conjure up some other ideas. 

These complications led us down the path of testing out VLPs as a vessel for APJ, 

eliminating the need to remove the GPCR from the plasma membrane. Chapter 5 contains 

information on the optimization process for utilizing both Gag-protein and APJ plasmids in 

HEK293T cells to achieve co-overexpression. In this portion of the appendix, I will discuss 

crucial experiments that guided our binding assay experimental protocol with the purpose of 

ensuring that any future optimization does not include backtracking. 

I.5.1 Important notes learned from VLP purification attempts 

Flask size does matter. Initially, all VLP generation experiments were completed in T75 

flasks. Purification attempts in T75 flasks led to zero success, so for all VLP experiments, T175 

flasks or larger should be used to ensure sufficient VLP production. Also, 10 µg/mL heparin 

should be supplemented into the media to avoid VLP reentry into the cells. We noted a 

significant increase in cell viability and VLP concentration following the addition of heparin to 

our VLP batches. 

An additional centrifugation step removes protein and lipid contaminants, leading to 

cleaner samples. The centrifugation steps underwent significant alteration during the 

optimization process, and although not all steps are necessary in order to observe enriched 

binding of agonists compared to controls, implementation of the three steps helped increase 

specific protein concentration as well as decrease western blot issues with loading due to 

hydrophobicity in the samples. 
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1st spin: 300 x g for 5 min 

2nd spin: 2,000 x g for 20 min 

3rd spin: 16,000 RPM for 2h, 4°C, 45 Ti rotor 

4th spin (optional, microcentrifuge, resuspend in smaller volume to get 

desired concentration): 16,000 RPM for 45 min 

The 1st spin step is crucial for further experimentation. This spin is in place to remove 

large cell debris present after media harvest. The 2nd spin step was a late experimental addition 

that made a significant difference in sample composition. Before the addition of this spin, we 

were having issues with “sample peaking” while running gel electrophoresis, likely due to the 

high lipid content within the samples (Figure I.2A). This spin step is responsible for removal of 

additional protein and lipid contaminants, which significantly increased our specific protein yield 

(Figure I.2B). The 3rd spin step was extensively looked at during initial experiments. This spin 

was performed at many different time points ranging from 45 min to 18h. Ultimately, at 45 min it 

appears VLPs are still congregating in the pellet, but the pellet is very loose, and for that reason, 

we decided to implement a 2h spin to minimize sample loss while decanting and resuspending. 

We initially attempted to purify the VLPs with an ammonium sulfate precipitation 

protocol (4,5). We utilized 45% saturating ammonium sulfate, but following the spin steps, 

observed no bands on a western blot. We repeated this purification with a new batch of VLPs and 

added SNAP beads to both the pellet and the entire supernatant but observed no change in pyr-

AP-13 binding, suggesting efforts should be focused on investigating other purification 

procedures. 

Next, we tried to purify the VLPs using a sucrose gradient (6). Following the 

ultracentrifugation step, we resuspended the pellet in 11 mL TNE buffer (Quality Biological, 



 

 

185 

#351-302-101; Gaithersburg, MD). Gently, the sucrose composition was layered as so: 2 mL 

65% sucrose (3.25 g / 1.75 mL TNE), 4 mL 20% sucrose (2 g / 8 mL TNE), and the 11 mL 

resuspended sample. The sample was then spun down at 24K RPM for 6h at 4°C in the 50.2 Ti 

rotor. Following ultracentrifugation, the top 13-14 mL were carefully discarded and the buffy 

white layer in the center containing the VLPs was moved to a new tube (next 2-3 mL). The 

sucrose in this layer was diluted with 13 mL TNE buffer and ultracentrifuged at 35K RPM for 6h 

at 4°C. This sample was used for ns-EM, but the sucrose altered the stain quality and resulted in 

blurred micrographs. Should the need arise, I believe this method could be successful in other 

aspects, but I would recommend utilizing the small-scale purification discussed by McGinnes 

and Morrison (6). 

I.5.2 Important experiments that shaped the binding assay protocol 

Conditions were optimized for agonist concentration and incubation time. Agonist 

concentrations from 250 nM to 16 µM were utilized in various binding assays. We ultimately 

chose a 1 µM agonist concentration because we observed reliable peak shapes in day-to-day 

experiments. Additionally, we originally tested out a 5-, 25-, and 60-min agonist incubation 

period. With the first attempt, we saw larger changes with the 25 min incubation time point, but 

with more replicates and further experimentation, observed more consistent results following the 

60 min agonist incubation time, hence used this incubation time moving forward. 

 We also extensively altered the binding assay, but the finalized protocol can be found in 

Chapter 5, Section 5.2.7. Notably, I would like to touch on two important steps, the first being 

that constant agitation is crucial during elution. We utilized finger flicking or tapping to ensure 

the beads were not settling to the bottom and were immersed in the elution buffer. Secondly, we 

began this process by cleaning up our samples with C18 tips but ended up losing too much of our 
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analyte and introducing significant variability. Instead of continuing down this path, we 

experimented with the elution buffer concentrations and volumes. 

Finally, I would like to mention that following transfection with the ADORA2A plasmid 

and Gag, we did perform western blots and RT-qPCR to ensure overexpression of ADORA2A. 

ADORA2A provided a second GPCR test for our VLP method, as well as a better negative 

control to compare agonist binding against APJ. Further optimization and results with the 

ADORA2A and APJ are found in Chapter 5.  
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Figures 

 

Figure I.1. Validation of the use of SNAP magnetic beads. 

Composite western blot using an anti-APJ antibody with HEK293T lysates following an 

attempt to strip SNAP-APJ off the SNAP-capture beads.  
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Figure I.2. The importance of the 2nd centrifugation step. 

(A) “Sample peaking” observed before the implementation of the 2nd centrifugation 

step, and how that affects western blot quality. (B) Visualization of the increased 

specific protein content with VLP batches after the additional 2nd centrifuge step was 

added to the protocol. Western blots were incubated with an anti-APJ antibody.  
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